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ABSTRACT 


The  program  was  designed  to  originate  protective  coating  concepts  for 
columbium-base  alloys  for  applications  in  aerospace  environments  and  gas  turbine 
engines.  Thermal  expansion  and  oxidation  resistance  was  determined  on  potential 
ductile  sublayer  alloys,  MAI  and  MAL^  aluminides,  and  MS^  and  M^Si^  sllicides. 
Diffusion  barriers  between  the  Ti-Cr  modifier  and  substrate  were  also  evaluated. 
Coating  systems  evolved  from  the  studies  included  the  V-(80Cr-20Ti)-Si, 
(95Mo-5Ti)-Si,  Mo-Cr-(Fe-25Cr-5Al)  ductile  dl  bcc  system,  V-(Cr-Ti)-Al-Si  and 
other  systems  of  lesser  importance.  The  V-(80Cr-20Ti)-Si  system  was  the  most 
extensively  studied.  It  eichibited  the  potential  for  500  plus  ho*,  ra  of  protection  at 
1600  and  2400  F.  This  system  was  extensively  evaluated  for  reentry  (Part  II)  and 
turbojet  (Part  III)  applications. 

This  abstract  is  subject  to  special  export  controls  and  each  transmittal  to 
foreign  governments  or  foreign  nationals  may  be  made  only  with  prior  approval  of  the 
Metals  and  Ceramics  Division  (MAM),  Air  Force  Materials  Laboratory, 

Wright- Patterson  AFB,  Ohio  45433. 
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I.  INTRODUCTION 


Refractory  metal  alloys  represent  a  desirable  approach  to  a  number  of 
future  Air  Force  high-temperature  structural  requirements,  but  their  application  has 
been  limited,  pending  discovery  of  completely  satisfactory  solutions  to  the  problem  of 
oxidation  protection.  Although  the  considerable  effort  devoted  to  coating  development 
over  the  past  fifteen  years  has  resulted  in  identifying  several  promising  coatings  for 
columbium  alloys,  rigorous  testing  had  disclosed  weaknesses  in  nearly  all  the  coatings 
which  had  been  devised  prior  to  institution  of  this  program  in  July  1964.  A  good 
demonstration  of  the  problems  was  provided  by  work  at  Sola"-  under  Contract 
AF33(657)-9443,  where  it  was  found  that  the  number  of  candidate  coatings  for 
coluinbium  alloys  was  gradually  reduced  to  one  as  more  and  more  severe  tests  were 
added  to  the  program.  When  reentry  simulation  test  was  introduced  even  this  showed 
weakness  under  slow  thermal  cycling. 

A  basic  limitation,  common  in  varying  degree  to  ail  the  available  coatings, 
has  been  the  lack  of  coating  ductility.  Thermal  expansion  matching  of  coatings  and 
substrates  appears  to  be  impractical,  so  coating  systems  must  have  a  mechanism  to 
tolerate  the  effects  of  thermal  strains  induced  by  thermal  cycling.  An  even  more 
imperative  requirement  is  ductility  to  avoid  damage  as  a  result  of  strain  of  external 
origin.  These  "trains  may  be  the  result  of  assembling  the  component  parts  of  a  struc¬ 
ture  or,  at  the  other  extreme,  may  be  caused  by  the  impact  of  a  foreign  body.  The 
wcncept  pursued  in  this  program  was  to  provide  at  least  one  layer  in  the  coating  with 
reasonable  ductility.  Out^r  coatings  of  brittle  materials  such  as  ceramics  and 
silicides  were  to  be  considered  so  long  as  the  underlying  layer  had  sufficient  oxidation 
resistance  and  ductility  to  sustain  impact  damage  and  yet  complete  the  mission.  This 
approach  has  been  termed  effective  ductility. 

Reentry  vehicles  and  gas  turbines  are  two  of  the  most  urgent  yet  demanding 
fields  where  system  development  is  held  up  by  lack  of  completely  adequate  solutions  to 


this  coating  problem.  To  focus  attention  on  the  special  needs  of  each  of  these  fields, 
the  program  was  divided  into  three  phases: 

•  Phase  I  Measurement  of  basic  property  data  on  components  of  coating 

systems  and  development  of  application  techniques  for  new 
protective  coating  systems  for  columbium  alloys. 

•  Phase  II  The  evaluation  of  a  selected  coating  from  Phase  I  on  foil  gage 

columbium  alloys  in  tests  critical  to  reentry  and  hypersonic 
vehicle  applications. 

•  Phase  in  The  evaluation  of  selected  coating  compositions  from  Phase  I 

on  columbium- base  alloys  of  potential  use  in  turbojet  engines. 

In  order  not  to  burden  the  reader  with  details  of  the  entire  program,  this 
work  is  reported  in  three  parts  corresponding  to  the  three  phases.  The  parts  will 
have  special  Lite  rest  to  the  coating  developer  and  materials  specialist  (Part.  I);  to 
those  with  Merest  in  aerospace  vehicle  applications  (Part  II);  and  to  the  engineer 
concerned  with  powerplants  (Part  III).  However,  to  make  available  the  complete 
results  to  each  field  of  activity,  each  report  contains  a  complete  summary  of  the 
overall  program. 

The  Phase  I  activities  were  conducted  jointly  by  the  1. 1.  T.  Research  Institute 
(ii'PKI)  and  by  the  Solar  Division  of  International  Harvester  Company  (Solar).  The 
general  division  of  studies  was  for  IiTRI  to  investigate  aluminide  systems  and  for 
Solar  to  study  silicide  and  ceramic  coatings,  7*  ctile  layers  with  aluminnm-contalning 
systems  were  to  be  baaed  on  the  mouc*„toly  oxidation  resistance  coiumbium/aluminura 
alloys;  the  somewhat  more  oxidation  resistant  and  ductile  gamma  phase  in  the 
titanium  /aluminum  system  ;  and  the  body  centered  cubic  alloys  of  good  oxidation 
resistor  .e  based  on  the  Fe-Cr-Al  alloy.  In  the  cases  of  work  on  silicides  at  Solar, 
moderately  ductile  sublayers  were  to  be  formed  by  pre-alloying  to  form  alloys  such 
as  Cb-V-Cr,  Cb-Ti-Mo,  Cb-Ti-W,  and  Cb-Ti-Cr.  In  addition  to  specific  coating 
development,  studies  were  undertaken  to  develop  physical  property  data  that  would 
assist  in  making  the  selection  of  coating  systems.  Data  generated  included: 

•  Interdiffusion  rates  with  and  without  diffusion  barriers 

•  Oxidation  resistance  of  aluminides,  silicides,  and  ductile  sublayers 

•  Coefficient  of  thermal  expansion  of  aluminides  and  silicides. 

On  selected  coating  compositions,  preliminary  application  studies  were 
undertaken  using  D43  and  Cb752  substrate  alloys.  The  prime  application  technique 
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used  was  high -pressure  pack  cementation,  although  some  limited  special  studies  using 
other  techniques  were  also  included. 

In  Phase  II,  properties  were  measured  on  0, 0t2-ineh  Cb752  and  D43  alloys 
after  application  of  the  V~(Cr-Ti)-Si  coating.  The  test  program  emphasised  thoee 
properties  that  would  limit  the  use  of  coated  refractory  metals  in  Lightweight,  struc¬ 
tural  applications  in  hypersonic  and  reentry  vehicles.  Evaluation  methods  included 
room-temperature  bend;  oxidation  (cyclic  with  and  without  pres  train,  step-down, 
low-pressure,  and  high-velocity  plasma  torch);  reentry  simulation,  i.e. ,  slow  cycle 
with  applied  stress;  mechanical  properties  (creep  and  mechanical  fatigue). 

Phase  IQ,  was  likewise  application  oriented  but  with  emphasis  on  the  use  of 
coated  columbium  alloys  in  high-performance  gas  turbines.  Two  alloys  were  used 
throughout  the  test  program,  Cb752  and  D43;  one  additional  alloy,  Cbl32M,  was 
used  in  specialized  tests  for  blade  applications.  Evaluation  was  conducted  on  0.  030- 
inch  sheet  and  0.  5-inch  diameter  bar  specimens  and  included:  cyclic  oxidation  with 
and  without  impact  damage;  bend  ductility;  thermal  fatigue  (0.  030- inch  material); 
oxidation  erosion  (burner  rig);  thermal  fatigue  (burner  rig,  wedge  specimens);  and 
mechanical  fatigue  (0.  030-inch  material  only).  The  V-(Cr-Ti)-Si  coating  was  evaluated 
on  all  alloys  and  specimens;  the  (95Mo-5Ti)-Si  coating  was  included  in  erosion  rig 
tests  on  the  D43  alloy  only.  Late  development  of  this  latter  coating  did  not  permit 
complete  evaluation.  The  coating  is,  however,  continuing  to  undergo  testa  on  another 
AFML  program  (P.ef.  1). 


n.  SUMMARY 


The  objectives  of  the  program  were: 

•  The  development  of  new  coating  approaches  to  give  better  reliability 
than  existing  coatings. 

•  The  development  of  coatings  with  effective  ductility;  namely,  coatings 
with  ability  to  withstand  some  deformation. 

•  The  evaluation  of  these  coatings  for  gas  turbine  and  aerospace  application. 

In  view  of  the  large  number  of  empirical  approaches  conducted  in  the  past, 
more  knowledge  was  essential  as  a  basis  for  new  coating  concepts.  The  approach 
was  taken  that  data  should  be  measured  on  each  of  the  components  of  a  coating  system 
so  that  better  coating  systems  could  be  synthesized  using  the  most  desirable  and  com¬ 
patible  components.  Oxidation  behavior,  expansion,  and  interdiffusion  were  the 
principal  properties  studied.  This  work  led  to  several  concepts,  particularly  the 
molybdenum-rich  disilicide  coating  applied  by  slurry  techniques  that  achieves  a  close 
expansion  match  with  the  columbium  alloy  substrate,  and  to  the  V-(Cr-Ti)-Si  coating 
that  reduces  the  Laves  phase  formation  and  the  severity  of  the  interstitial  sink  effect. 

The  effective-ductility  concept  v'as  intended  to  provide  some  means  of  avoid¬ 
ing  catastrophic  failures  and  to  provide  a  protection  mechanism  against  thermal 
cycling  cracks.  It  required  a  sublayer  with  adequate  ductility  to  resist  impact  damage 
and  sufficient  oxidation  resistance  to  withstand  failure  of  the  primary  oxidation  barrier 
(siliciae,  aluminide,  or  other  brittle  phase).  Two  types  of  primary  barrier  failure 
were  considered;  local  failure  such  as  craze  cracking  caused  by  thermal  cycling,  and 
gross  spalling.  Consideiable  success  was  achieved  in  the  development  of  coatings  with 
resistance  to  local  failure  by  a  combination  of  oxidation-resistant  sublayers  and  better 
coating  repair  mechanisms.  The  V-(Cr-Ti)-Si  coating,  an  exampie  of  this  type,  is 
compared  in  Figures  1  and  2  with  an  earlier  coating  based  on  ( Ti-Cr)-Si.  The  need  to 
develop  coatings  to  withstand  gross  spalling  of  the  primary  barrier  was  predicated 
on  the  requirement  that  a  coated  columbium  alloy  comijonent  should  have  sufficient 
oxidation  resistance  to  complete  a  mission  even  after  failure-  of  the  primary  barrier. 
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CUMULATIVE  FAILURES  <%) 


FIGURE  1.  COMPARISON  OF  CYCLIC  OXIDATION  LIFE  AT  2400  F;  Solar 
V-(Cr-Ti)-Si  Coating  nad  TRW  (Ti-Cr)-Si  Coating 
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CUMULATIVE  FAILURES  (<*> 


Adequate  oxidation  resistance  was  defined  as  resistance  for  one  hour  at  2400  F,  but 
this  goal  could  not  be  achieved  within  the  limits  of  ductile,  colomblum-rleh  alloys. 
Another  approach  was  tried  to  achieve  Ml  ductility  which  employed  iron-base  alloys. 
These  were  bonded  to  the  columbium  substrate  through  an  all  body  centered  cubic, 
sequence,  such  as  Cb-Mo-Cr-(Fe-Cr-Al).  Diffusion  studies  on  such  systems  showed 
hardening  to  800  VHN  at  the  chromium -molybdenum  interface  after  200  hours  at 
2300  F,  so  that  the  coating  system  appeared  to  be  limited  in  life.  Further  development 
of  this  concept  may  be  warranted  for  short-life  coatings. 

Major  effort  was  spent  on  development  of  coating  methods  for  the  V-(Cr-Ti)-Si 

composition  and  evaluation  of  this  coating  for  aerospace  and  gas  turbine  applications. 

» 

The  optimum  deposit  was: 

9 

Vanadium  -  5  to  9  mg/cm1 
80Cr-20Ti  -8  to  11  rig/cm2 
Silicon  —  10  to  13  mg/cm2 

This  coating  provides  200  plus  hours  protection  at  1600  F  and  100  plus  hours 
protection  at  240G  F  to  D43,  Cb752,  and  Cbl32M  alloys.  Evaluation  tests  included 
tensile,  creep,  fatigue,  and  oxidation  for  all  alloys,  with  reentry  simulation  for  aero¬ 
space  applications,  and  with  rig  and  thermal  shock/erosion  tests  to  evaluate  the  coat¬ 
ing  for  gas  turbine  applications.  Results  in  every  category  of  test  showed  performance 
that  was  remarkably  uniform  and  better  than  other  available  coatings.  Consistency  of 
results  was  excellent;  for  example,  after  low-pressure  exposure,  five  Cb752  specimens 
had  cyclic  oxidation  lives  of  96,  96,  97,  98,  and  99  hours  at  2400  F. 

2. 1  SUMMARY  OF  PHASE  I  WORK 

2.1.1  Ductile  Sublayer  Oxidation  Resistance 

The  alloy  sublayer  systems  studied  were: 

•  Cb-V-Cr 

•  Cb-Ti-V-Cr 

•  Cb-Ti-Mo 

•  Cb-Ti-Cr 

•  Cb-Ti-Al 

•  Cb-Mo-V 


« ( 

I 


n. 
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These  systems  showed  that  marked  improvements  over  the  oxidation  resistance  of 
columbium  metal  at  1600  F  can  be  achieved  by  additions  of  titanium  (to  at  least  40 
weight  percent),  vanadium  (to  at  least  5  weight  percent),  molybdenum  (to  at  least  10 
weight  percent),  titanium  plus  chromium  (to  at  least  38  weight  percent),  vanadium  plus 
molybdenum  (to  at  least  10  weight  percent),  titanium  plus  aluminum  (to  at  least.  70 
weight  percent),  and  vanadium  plus  titanium  plus  chromium  (to  at  least  35  weight  per¬ 
cent).  The  Cb-Ti-Al  alloys  with  or  without  additions  of  molybdenum  or  chromium  provided 
the  most  oxidation- resistant  alloys;  however,  none  of  the  alloys  could  be  considered 
oxidation  resistant  enough  to  withstand  2400  F  without  a  primary  barrier.  Ductile 
alloy  layers  may  provide  adequate  protection  at  the  base  of  craze  cracks  in  silicide  or 
aluminide  coatings  and,  thus,  minimize  some  low-temperature  oxidation  problems. 

The  alloys  will  not,  however,  afford  significant  protection  as  an  undercoat  if  the  outer 
oxidation  barrier  is  grossly  damaged.  Only  silicides  and  aluminides  were  found  suf¬ 
ficiently  oxidation  resistant  to  afford  oxidation  protection  at  2400  F  for  at  least  one 
hour. 

The  concept  of  effective  ductility  could  not  be  fully  developed  because  sub¬ 
layers  were  not  found  which  would  provide  the  requisite  short-time,  high-temperature 
oxidation  resistance.  Resistance  to  impact  failure  with  a  known  system  would  have  to 
be  attained  by  a  combination  of  sublayer  modification  and  self-healing  outer  layer 
(liquid  phase  oxide  formation). 

A  modestly  oxidation  resistant  ductile  sublayer  for  non-damage  performance 
can,  however,  be  considered  extremely  advantageous  when  considered  in  light  of  the 
marked  difference  in  the  coefficient  of  thermal  expansion  of  silicides  and  aluminides 
from  that  of  columbium  alloys.  This  differential  expansion  produces  craze  cracking 
at  the  lower  temperature  in  which  the  sublayers  are  particularly  oxidation  resistant. 

The  Ti-Al  and  Ti-Cr  alloy  provided  the  most  oxidation-resistant  sublayers. 

Both  of  these  alloy  systems  are  objectionable  because  of  the  effect  of  titanium  on 
carbide-  (or  oxide-)  strengthened  alloys.  The  use  of  vanadium  in  the  program  was 
primarily  as  a  diluent  to  titanium  to  lower  its  activity  and  permit  higher  chromium 
concentrations  while  minimizing  formation  of  CbCr2  and  TiCr2.  Some  sacrifice  in 
sublayer  oxidation  had  to  be  accepted,  but  this  sacrifice  should  have  been  compensated 
somewhat  by  the  advantages  of  Vo0.  formation  in  modifying  the  silica  glass  formed 
on  silicides. 


2.1.2  Oxidation  Resistance  of  MgSig  anJ  MAI  Compour  ls. 

MgSig  Compounds 

The  MgSig  silicides  provide  an  intermedia^  ayer  between  the  disillcide  and 
the  columbium  substrate  or  sublayer.  As  the  disiLcide  is  consumed,  this  phase  can  4 

become  the  actual  protective  coating.  Oxidation  tests  at  1500  and  2400  F  of  the  follow¬ 
ing  compounds  showed  that  CbgSig  had  the  highest  oxidation  rate  at  both  temperatures.  * 


^3 

(Ti-cr)5Si3 

cn-o-cb)csi, 

*J  u 

Ti5Si3 

cn-Mo)gSi3 

(Ti  Mo-Cb).Si„ 
0  «> 

Cr5Si3 

(V-Cr)5Si3 

(V~Cr-Cb)gSig 

V5Si3 

MOgSig 

The  Mo5Si3  composition  and  a  combination  of  molybdenum  and  columbium  had  the  next 
highest  rates.  The  outstanding  compositions  for  low  rates  at  both  temperatures  were 
(Ti-Cr)5Si3  and  (Ti-Cr-Cb)5Si3  followed  closely  by  OgSig  and  (V-Cr)5Si3.  The 
(Ti-Cr-Cb)gSi3  composition  was  unique  in  the  study  being  the  only  columbium- containing 
MgSig  silicide  with  outstanding  oxidation  resistance  at  2400  F  for  100  hours,  actually 
being  equivalent  to  the  ditilicic'e. 

Although  the  significance  of  the  MgSig  silicide  in  the  oxidation  resistance  of 
coated  alloys  was  not  determined  in  this  investigation,  it  was  shown  that  any  of  the 
elements  under  stuc  y  as  modifiers  form  more  oxidation  resistant  MgSig  silicides 
than  columbium.  The  most  effective  elements  in  improving  oxidation  resistance  are 
chromium  and  tit  mium  in  combination  with  each  other. 

MAI  Compounds 

The  TiAl  compounds  were  modified  with  solid  solution  additions  of  zirconium, 
hafnium,  vanadium,  columbium,  tantalum,  chromium,  molybdenum,  and  tungsten.  At 
2200  and  2500  F,  zirconium,  hafnium,  and  vanadium  had  an  adverse  effect;  tungsten 
slowed  the  oxidation  rate  for  short  times  only,  then  accelerated  it;  the  other  elements 
all  decreased  the  oxidation  rate.  Increasing  the  aluminum  content  within  the  solubility 
range  increased  oxidation  resistance.  The  most  oxidation  resistant  MAI  compound 
had  small  quantities  of  molybdenum  and  columbium  substituted  for  titanium.  A  number 
of  the  (Ti-Cb-Mo)Al  compounds  showed  only  minor  oxidation  at  both  1600  at  ^ 
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2400  F  In  16  hours;  however,  some  internal  oxidation  of  the  alloys  was  observed  at 
2400  F  to  a  depth  of  0. 010  inch,  indicating  inadequacy  as  a  primary  oxygen  barrier. 

2.1.3  Oxidation  Resistance  of  MSig  and  MAI^  Compounds 

MSi2  Compounds 

The  primary  protection  in  silicide  coatings  is  provided  by  the  MSi2  silieie. 
The  oxidation  resistance  of  a  large  number  of  disilicide  compositions  was,  therefore, 
determined  in  the  program.  Included  were  compositions  from  the  following  systems: 


Mo-Si 

Mo-Ti-Si 

Mo-Ti-Cb-Si 

W-Si 

W-Ti-Si 

W-Ti-Cb-Si 

V-Si 

Cr-Ti-Si 

Cr-Ti-Cb-Si 

Ti-Si 

V-Cr-Si 

V-Ti-Cb-Si 

Cr-Si 

V-Cb-Si 

V-Ti-Cr-Si 

Cb-Si 

V-Ti-Cr-Cb-Si 

Test  temperatures  were  1500  and  2400  F  for  100  hours. 

At  1500  F,  CbSi2  and  WSi2  exhibited  extremely  rapid  oxidation  as  did  almost 
all  ternary  or  quaternary  compositions  containing  tungsten  alone  or  in  combination 
with  columbium  and  other  elements.  The  majority  of  the  combinations  free  of  tungsten 
and  columbium  were  outstanding,  showing  a  metallic  luster  after  100  hours. 

Tests  results  at  2400  F,  as  assessed  by  a  retention  of  a  metallic  appearance 
after  100  hours,  indicated  the  following  systems  to  be  the  most  oxidation  resistant: 

V-Si  Ti-Mo-Si  Cb-Ti  -Mo-Si 

Mo-Si  Ti-W-Si  Cb-Ti-W-Si 

W-Si  V-Cb-Si 

With  few  exceptions,  however,  the  disilicides  as  a  group  had  outstanding  oxidation  re¬ 
sistance  even  though  a  dark  modified  silica  glass  formed  on  the  surface.  Notably  poor 
were  CbSi„  and  Ti-Cr-Si.  The  Ti-Cr  containing  disilicides  are  remarkably  poor  in 

a 

oxidation  when  contrasted  to  any  of  the  other  systems  noted.  Additions  of  columbium, 
unlike  most  other  systems,  appear  to  improve  the  oxidation  resistance  of  the  Ti-Cr 
composition.  Chromium  in  combination  with  vanadium  and  the  combination  of  V-Cr-Ti 
both  produced  more  oxidation-resistant  disilicides  than  the  Ti-Cr  composition 


MAlg  Compounds 

Compositions  studied  in  the  MAig  system  included:  TiAlg,  CbAl^,  a 
modification  of  ChAlg  with  titanium,  chromium,  molybdenum,  and  tantalum;  and  TiAlg 
modified  with  molybdenum.  With  few  exceptions,  the  MAlg  composition  underwent 
pest-type  attack  at  1600  F.  Small  additions  of  chromium  and  molybdenum  appeared  to 
mitigate  the  attack.  At  2400  F  small  additions  of  molybdenum  or  large  additions  of 
titanium  to  CbAig  appeared  to  provide  the  most  resistant  compositions,  being  equiva¬ 
lent  to  some  disllicides. 

2.1.4  Thermal  Expansion  of  Various  Potential  Coating  System  Components 

Extensive  thermal  expansion  measurements  were  made  on  MgSi3  and  MSi2 
silicides,  on  aluminides,  and  on  selected  sublayer  alloys.  With  the  exception  of  silicides 
high  in  tungsten  or  molybdenum,  the  expansion  of  aluminides  and  silicides  was  suf¬ 
ficiently  higher  than  the  columbium  alloys  to  ensure  the  formation  of  craze  cracks  in 
coatings  on  cooldown  from  equilibration  at  an  elevated  temperature.  All  MAI  and 
MAig  compounds  tested  and  all  silicides  containing  appreciable  quantities  of  vanadium, 
chromium,  or  titanium  had  coefficients  of  thermal  expansion  ai  least  50  percent  higher 
than  the  Cb752  alloy  in  the  temperature  range  from  100  to  1800  F. 

2.1.5  Selection  of  Coating  Compositions  From  the  Basic  Property  Study 

If  the  (Ti-Cr)-Si  coating  system  had  not  already  been  developed,  the  basic 
property  study  would  probably  have  resulted  in  its  selection  as  one  of  the  leading 
candidates,  primarily  based  on  the  unusually  good  oxidation  resistance  of  the 
(Cr-Ti-Cb)gSi3  silicide  and  the  (Ti-Cr-Cb)  sublayer;  however,  such  a  selection  would 
have  been  tempered  by  the  interstitial  sink  effect  resulting  from  the  presence  of  large 
quantities  of  titanium.  The  second  choice  was  the  (Ti-Mo)-Si  system  with  a  high 
molybdenum  content.  This  selection  was  predicated  on  the  fair  sublayer  oxidation 
resistance  of  Cb-Ti  alloys,  the  outstanding  oxidation  resistance  of  the  (Ti-Mo)Si2 
silicide,  and  the  close  expansion  match  of  MoSi2  and  the  columbium  alloys.  The 
third  selection  was  the  (V-Cr)-Si  system  based  on  a  negligible  interstitial  sink  problem, 
good  oxidation  resistance  of  the  diailicide,  and  potential  esse  of  application. 

The  outstanding  oxidation  resistance  of  the  Cb-Ti -Al  solid  solution  alloys 
made  these  alloys  potential  sublayer  candidates,  but  the  aluminide  systems  as  a  group 
did  not  have  the  potential  of  the  silicide.  Internal  oxidation  was  a  serious  problem 
with  these  intermetallics.  Titanium-molybdenum-aluminum  combinations  provided  the 
most  satisfactory  performance  and  were  tentatively  selected  as  coating  candidates. 
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2.1.6  Application  of  Selected  Coating  Systems 

Phase  II  ar^  III  of  this  program  initially  required  the  development  and  evalua¬ 
tion  of  coatings  for  reentry  and  turbojet  engine  applications,  respectively.  The  develop¬ 
ment  activity  was  transferred  to  Phase  I  to  retain  the  majority  of  the  research  activity 
in  this  phase.  The  application  studies  were  concentrated  in  the  deposition  of  the 
V-(Cr-Ti)-Si  composition  with  less  extensive  effort  in  the  (Mo-Ti)-Si,  (V-Cr-Ti-Al)-Si, 
and  (Cb-Mo-Ti)-Al  coatings. 

For  the  majority  of  the  program,  pack  deposition  was  the  application  tech¬ 
nique  used,  but  in  the  latter  stages  sintered  slurries  were  included,  particularly  in 
the  application  of  the  (Mo-Ti)  modifier  and  fugitive  vehicle  slurries  for  the  application 
of  (Ti-Mo-Al).  A  number  of  otter  techniques  were  also  considered  briefly,  e.  g. , 
fused  salt  deposition  of  vanadium,  precipitation  of  molybdenum  from  a  molten  metal, 
and  chemical  substitution  of  molybdenum  for  silicon. 

The  V-(Cr-Ti)-Si  Coating 

Initial  studies  in  the  (V-Cr)-Si  coating  stewed  two  deficiencies  in  the  deposi¬ 
tion  of  pure  chromium  over  vanadized  D43  and  Cb752  alloys: 

•  The  deposition  rate  of  chromium  was  extremely  slow  at  the  maximum 
practical  temperature  for  high-pressure  packs  (2300  F). 

•  The  substrate  was  embrittled  by  the  transport  of  oxygen  unless  iodide 
chromium  was  used. 

To  overcome  these  problems  a  chromium-titanium  alloy  was  used  to  alloy  the  vana¬ 
dized  layers.  Studies  showed  that  an  80Cr-20Ti  alloy  provided  the  most  satisfactory 
oxidation  resistance  at  1600  and  2400  F.  A  deposit  of  the  following  compositions 
appears  to  provide  optimum  protection: 

2 

Vanadium— 5  to  9  mg/cm 
80Cr-20Ti— 8  to  11  mg/cm2 

2 

Silicon  —  10  to  13  mg/cm 

A  coating  of  the  above  compositions  appears  to  be  capable  of  providing  200  plus  hours 
of  protection  at  1600  F  and  100  plus  hours  of  protection  at  2400  F  to  D43,  Cb752,  and 
Cbl32M  alloys. 

The  most  severe  problem  in  the  deposition  of  the  coating  is  in  sintering 
vanadium  to  the  specimen.  The  use  of  two  5 -hour  runs  at  2250  F  instead  of  one 


10 -hour  cycle  was  essential  in  reducing  sintering,  but  this  problem  was  never  com¬ 
pletely  overcome  during  the  program. 

The  (Ti-Mo)-Sl  Coating  System 

The  development  of  a  pack  deposition  process  for  the  (Ti-Mo)  modifier  layer 
was  found  to  be  essentially  impossible.  Arc-melted  alloys  containing  as  much  as 
75  percent  molybdenum  deposited  only  titanium.  Molybdenum  could  be  deposited 
from  packs  by  sulfide  and  oxide  transport  and  fay  displacement  with  the  silicide,  but 
all  of  the  techniques  yielded  coatings  of  poor  quality  and  an  embrittled  substrate. 

Vacuum  sintering  of  Ti-Mo  slurries,  a  process  developed  at  Solar  under 
NASA  Contract  NAS3-7276,  provided  a  feasible  route  to  molybdenum  modification. 
Compositions  up  to  95  oercent  molybdenum  could  be  readily  applied.  Oxidation  tests 
showed  that  the  coatings  could  protect  the  Cb752  alloy  for  130  plus  hours  at  2400  F, 
but  protection  at  1600  F  was  poor;  however,  by  glass  impregnation  the  1600  F  life 
was  ortended  to  greater  thar  5r<2  hours  and  the  2400  F  life  to  a  minimum  of  222  hours. 
The  addition  of  10  percent  iron  to  the  (95Mo-5Ti)  composition  provided  lives  com¬ 
parable  to  the  glass  impregnated  (95Mo-5Ti)--Si  coating. 

Other  Casting  Systems 

To  use  the  highly  oxidation  resistant  and  slightly  ductile  Ti-Al  and  (Ti-Cr- Al) 
alloys,  the  systems  were  investigated  as  a  basis  for  silicide  coating.  Vanadium  was 
also  included  to  enable  the  deposition  of  the  80Cr-20Ti  coating  prior  to  depositing 
aluminum.  "'iih  ihe  V-(Cr--Ti)-Al-3<  coatings,  lives  comparable  to  the  V-(Cr-Ti)-Si 
coating  ivere  obtained,  but  because  of  the  increased  complexity  of  the  system,  it  was 
not  considered  for  additional  study.  All  other  aluminum-containing  sublayers  for 
silieides  provided  less  protection  than  the  V-(Cr-Ti)-Si  coating. 

2. 1. 7  Selection  of  Coatings  for  Phase  H  and  III 

The  V-(Cr-Ti)-Si  coating  was  the  only  o&e  selected  for  evaluation  in  Phase  D 
and  111.  The  selection  was  based  primarily  on  the  state  of  development  of  the  process 
at  the  outset  of  the  ph<tses.  The  logical  second  choice  was  the  (95Mo-5Ti)-Si  coating 
with  glass  impregnation.  The  lata  development  of  the  coating,  however,  precluded 
its  inclusion  except  in  selected  tests  in  Phase  in. 
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2.2  PHASE  H  -  EVALUATION  OF  THE  V-(Cr-Ti)-SI  COATING  FOR  AEROSPACE 
APPLICATIONS 

Seven  types  of  oxidation  tests  were  performed  in  evaluating  the  performance 
of  the  V-(Or-Ti)-Si  coating  on  0.12-inch  Cb752  and  D43  alloys.  Five  of  the  tests  were 
furnace  cyclic  oxidation  tests,  generally  using  the  procedures  and  techniques  specified 
in  MAB-201-M.  The  other  two  tests  were  specifically  designed  to  evaluate  the  per¬ 
formance  of  the  coating  under  simulated  reentry  conditions  for  aerospace  vehicles. 

The  tests  were: 

•  Oxidation  in  the  pest-temperature  region 

•  Temperature  step-down  test 

•  Cyclic  oxidation  teat 

•  Low-pressure  exposure  tests 

•  Oxidation  after  coating  damage 

•  Reentry  simulation  tests 

•  Plasma  torch  tests 

Four  other  tests  were  included  to  evaluate  the  effects  of  the  coating  and/or 
processing  conditions  on  mechanical  properties  of  the  alloys.  These  tests  were: 

*»  Tensile  tests 

•  Fatigue  tests 

•  Bend  tests 

•  Creep  tests 

A  brief  summary  of  the  results  of  the  tests  are  discussed  in  the  following 
paragraphs. 

2.2.1  Test  Results 

'The  results  of  the  furnace  oxidation  tests  are  summarized  in  Table  i. 

Pest  Gxldatlon  Testa 

Results  of  the  tests  at  1600  F  show  that  the  coating  does  not  have  a  low- 
temperature  problem.  Of  the  10  specimens  tested,  no  failures  were  observed  and 
the  specimens  were  removed  from  test  after  212  hours  of  exposure. 
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TABLE  I 


SUMMARY  OF  OXIDATION  TESTS  V-(Cr-TI)-Si  COATING  ON 
0.012-1]  "H  D43  AND  Cb752  ALLOYS 


~Nme  of 
Test 


Pest  Test(1) 
Pest  Test*1* 


Cyclic  /.* 
Oxidation'0' 

Cyclic 

Oxidation 


Step-Down 

Oxidation^) 


Step-Down 

Oxidation'"- 


Temperature 

(F)  Alloy 


D43 

Cb7i>2 


Thickness 


2400  D43  I  0.012  10 


2400  Cb752  0.012  10 


D43  0. 012 

Cb752  0.  Cl  2 


D43  0. 012 

Cb752  t.  012 


Cb752  0. 


Number  of 
Test 

Specimens 

Oxidation  Performance 
(hours  to  folluMu. 
for  each  specimen)'1 2 3 4 5 6' 

S 

+212  (all) 

5 

+212  (all) 

10 

150,  153,  156,  185, 

182,  217,  257,  269, 

283,  +310 

10 

*4,  101,  101,  102, 

102,  105,  105,  112, 

114,  114 

5 

ay 

188,  +274,  +274, 

+274,  +274 

5 

96,  96,  97,  98,  99 

5 

! 

No  failures. 

2400  F  for  10  cycles 
|  +2S00  F  for  5  cycles 

5 

1  failure  at  15  cycles. 
2400  F  for  10  cycles 
+2600  F  for  5  cycles 

40,  102v  106,  106,  106 


Oxidation 
After  Coating 
Damage(6) 

Oxidation 
After  Coating 
Dam  age  (S) 


1.  Standard  MAB-201-M  test  at  1600^ 

2.  +  denotes  -specimen  did  not  fail 

3.  Standard  MAB-201-M  test  at  2400  F 

4.  One  hour  exposure  at  0. 1  Torr  pressure  and  2400  F.  .allowed  by  cyclic  oxida 
tion  at  2400  F  and  atmospheric  pressure 

5.  Standard  MAB-201-M  step-down  test.  2400,  2200.  1400  F,  and  ir.sbient  30 
minute  cycles.  Ten  cycles  run  using  2400  F  maximum  *aa  five  cyc«4i  using 
2600  F  maximum  temperature 

6.  Specimens  bent  to  a  permanent  bend  angle  of  IA'  'tegrees  30  minutee . 


Temperature  Step-Down  Teats 


The  second  type  of  oxidation  test  used  in  the  program  was  the  standard  MAB 
step-down  type  of  test.  In  this  evaluation,  five  specimens  of  each  alloy  were  subjected 
to  10  cycles  of  2400,  2200,  and  1400  F  uuing  the  procedures  specified  in  MAB -2 01 -M. 
At  the  conclusion  of  10  cycles  of  exposure,  the  specimens  showed  no  evidence  of  oxida¬ 
tion;  hence,  the  top  temperature  was  increased  to  2600  F.  One  Cb752  specimen  showed 
evidence  of  edge  oxidation  and  the  test  was  terminated  after  five  additional  cycles  using 
2600  F  as  the  maximum  temperature. 

Cyclic  Oxidation  Testa 

To  evaluate  the  high-temperature  protection  afforded  to  the  0. 012-inch  Cb752 
and  D43  alloys,  ten  specimens  of  each  alloy  and  thickness  were  subjected  to  a  standard 
MAB  cyclic  oxidation  test  at  2400  F.  The  test  results  are  shown  in  Table  I  end  a 
Weibull  cumulative  failure  plot  of  the  results  of  the  tests  on  the  0. 012-inch  Cb752  and 
P43  alloys  is  shown  in  Figure  1.  At  2400  F,  the  maximum  coating  life  was  exhibited 
by  the  coated  D43  alloy  Maximum  probable  oxidation  life  was  375  hours  and  the  slope 
of  the  cur/e  was  2.  7.  The  coated  Cb752  alloy  exhibited  a  maximum  probable  oxidation 
life  of  only  115  hours;  however,  the  slope  was  45.  At  an  80  percent  reliability  level, 
oxidation  life  was  100  hours,  and  only  decreased  to  95  hours  at  a  reliability  level  of 
95  percent.  All  failures  were  initiated  along  the  edges  and  were  quite  small. 

Low-Pressure  Exposure  Tests 

The.  fourth  test  was  selected  to  simulate  the  low-pressure  high -temperature 
conditions  encountered  during  reentry.  Coated  specimens  of  both  alloys  and  thickness 
were  exposed  to  2400  F  at  0. 1  Torr  pressure  for  one  hour,  and  then  cyclic  oxidation 
tested  at  the  same  temperature  at  atmospheric  pressure.  Results  of  the  tests  (Table  I) 
show  that  the  low-pressure  exposure  had  no  deleterious  effects  on  the  oxidation  life  of 
the  coating.  Only  6  of  the  10  specimens  subjected  to  the  test  showed  evidence  of 
oxidation,  and  these  failure  times  were  in  agreement  with  specimens  that  had  not  been 
exposed  at  low  pressure. 

Oxidation  After  Coaling  Damage 

Assessment  of  tl<e  relative  room -temperature  ductility  of  the  V-(Cr»Ti)-Si 
coating,  and  its  ability  to  provide  oebs  trace  protection  after  plastic  deformation  was 
*  je  by  intentionally  damaging  specimens  by  bendiDg  into  the  plastic  region.  After 
damaging,  the  specimens  were  subjected  tc  furnace  cyclic  oxidation  at  2400  F.  There 
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was  no  gross  or  catastrophic  oxidation  during  the  test.  All  failures  (the  coated  Cb752 
specimens  only)  were  initiated  along  the  bend  line  at  the  edges  of  the  specimens. 

Reentry  Simulation 

Performance  of  the  V-(Cr-Ti)-Si  coating  in  simulated  reentry  tests  (slow  * 

cycle  800  to  2500  to  800  F  under  stress)  was  variable.  The  ability  of  the  coating  to  . 
retain  its  overall  protective  properties  during  elastic  and  plastic  deformation  under  * 

the  continuous  temperature  cycling  conditions  on  Cb752  alloy  was  excellent.  The 
coated  Cb752  specimens  did  not  fail  in  22  cycles  and  consequently  performed  as  well  as 
any  coating  over  tested  in  the  reentry  simulators.  Four  out  of  six  coated  D43  specimens, 
however,  exhibited  severe  edge  oxidation  during  the  test,  indicating  problems  in  the 
silicon  deposition  cycle  on  these  specimens. 

Tensile  Tests 

Retention  of  yield  and  ultimate  tcnrile  strengths  of  the  V-(Cr-Ti)-Si  coated 
Cb752  and  D43  alloys  tested  at  room  temperature  was  good,  averaging  approximately 
80  percent  of  baseline  data.  Results  of  the  tensile  tests  at  2200  F  showed  a  reduc¬ 
tion  in  strength  of  20  percent  for  the  Cb752  alloy  and  30  percent  for  the  D43  alloy.  * 

This  reduction  in  strength  is  lees  than  that  exhibited  by  these  same  alloys  coated 
with  (Ti-Cr)-Si.  With  the  duplex  heat-treated  Cb752  and  D43  allovs,  the  (T*-Cr)-Si 
coating  reduces  the  yield  and  tensile  strengths  by  33  and  50  pei  cent,  respectively. 

Fatigue  Testa 

Results  of  the  fatigue  tests  performed  at  room  temperature  on  the  coated 
alloys  showed  a  reducu^n  in  fatigue  strength  of  approximately  50  percent  at  one 
million  cycles.  Specimens  tested  after  isothermal  oxidation  exposure  at  2400  F  for 
15  hours  showed  no  appreciable  further  reduction  in  fatigue  strength. 

Creep  Tests 

The  results  of  creep  tests  show  that  the  V-(Cr-Ti)-Si  coatings  can  withstand 
up  to  five  percent  creep  at  2200  and  2400  F.  Most  specimens,  however,  exhibited 

* 

evidence  of  edge  oxidation  at  the  conclusion  of  the  test  (generally  24  hours  exposure) 
similar  to  that,  exhibited  by  the  environmental  test  specimens.  In  general,  the  creep 
rate  for  the  coated  Cb752  alloy  was  higher  than  the  coated  D43  alloy. 
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Plasma  Torch  Teste 


Plasma  torch  tests  on  V-(Cr-Ti)-Si  coated  Cb752  and  D43  alloys  showed  the 
coating  performed  satisfactorily.  There  was  no  oxidation,  warp  age,  or  other  dele¬ 
terious  effects  after  eight  15-minute  exposures  with  a  test  temperature  of  2400  F. 

Bend  Tests 

Room  temperature  bend  tests  were  performed  on  triplicate  specimens  of 
each  alloy  using  the  procedures  specified  in  MAR-176-M.  All  coated  D43  specimens 
passed  the  90-degree  bend  test  with  only  a  minor  loss  of  coating  on  the  tension  and 
compression  sides  of  the  specimens.  The  Cb752  alloy  was  embrittled  by  the  coating 
process  and  failed  to  pass  the  bend  test. 

2. 3  PHASE  HI  -  EVALUATION  OF  THE  V-(Cr-Ti)-3i  COATING  FOR  GAS  TURBINES 

The  primary  objective  of  Phase  IH  was  to  demonstrate  the  relative  potentials 
of  protective  coating  systems,  developed  in  Phase  I,  for  application  to  advanced  jet 
engine  components.  Combustion  cans  and  liners,  nozzle  vanes,  afterburner  parts, 
blades,  and  vanes  fabricated  from  the  columbium  alloys  will  require  an  extremely 
reliable  coating  system. 

In  Phase  HI,  the  test  program  was  designed  to  simulate,  as  closely  as  pos  - 
sible,  the  severity  of  actual  engine  tests  on  heavy  sheet  stuck  and  bar  materials.  Teste 
were  performed  on  V-(Cr-Ti)-Si  coated  0.030-inch  Cb752  and  D43  alloys,  and  on  wedge 
specimens  fabricated  from  0, 5-inch  diameter  bar  stock  of  Cbl32M  and  D43  alloys. 
Limited  tests  v/ere  performed  on  the  glass  impregnated  TNV-7^  and  TNV-12^  coatings. 
The  Phase  III  tests  were: 

•  Furnace  Cyclic  Oxidation 
«  Low-Pressure  Exposure 

•  Thermal  Fatigue  (hole-in-plate) 

•  Oxidation-Erosion  Rig  Teste 

•  Thermal  Fatigue  Rig  Teste 

•  Oxidation  After  Coating  Damage 

•  Fatigue  Tests 

•  Bend  Teste 

A  brief  summary  of  the  test  results  is  included  in  the  following  paragraphs. 

l.The  TNV-7  and  TNV -12  coatings  were  developed  under  NASA  Contrac;  NAS3-7276  _>n 
the  T222  tantalum  alloy,  but  were  included  in  this  program  because  tie  compositions 
fit  the  program  goals.  The  coatings  are  applied  by  sintering  on  the  modifier, 
35W-35Mo-15V -1ST! (TNV-7)  and  95Mo-5Ti(TNV-12),  at  2760  F  and  pack  ailictdlng. 
Glass  impregnation  is  used  aa  a  final  process. 
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2.3,1  Test  Results 


Cyclic  Oxidation  Tests 

The  furnace  oxidation  test  results  on  the  0. 030-inch  Cfo752  and  043  alloys 
arc  summarized  in  Table  II.  A  Weibull  cumulative  plot  of  the  2400  F  results  at 
atmospheric  pressure  are  shown  in  Figure  2.  For  the  Cb752  alloy,  oxidation  life 
ranged  from  155  to  229  hours.  The  slope  of  the  curve  was  10  and  maximum  probable 
oxidation  life  was  245  hours.  All  specimens  failed  along  the  edges.  In  all  cases, 
oxidation  sites  were  quite  small  and  never  resulted  in  catastrophic  oxidation  of  the 
substrate.  For  the  D43  alloy,  five  specimens  out  of  nine  tested  failed  in  the  oxidation 
test  at  176,  323,  361,  437,  and  461  hours.  The  remaining  four  specimens  were  re¬ 
moved  from  test  at  500  hours  without  any  evidence  of  substrate  oxidation. 


Low-Pressure  Tests 

Results  of  the  tests  at  low  pressure  were  similar  to  those  on  the  coated 
0.  012-inch  specimens.  Except  for  two  premature  failures  on  each  alloy,  specimens 
were  still  good  when  removed  from  test  after  several  hundred  hours  exposure  (Table  il). 


TABLE  H 

SUMMARY  OF  OXIDATION  TESTS  V-(Cr-Ti)-Si  COATING 
ON  0. 030-INCH  D43  AND  Cb752  ALLOYS 


Type  of 

Test 

Temperature 

(F) 

Alloy 

Number 
of  Test 
Specimens 

Oxidation  Performance 
(hours  to  failure 
for  each  specimen)  '  * 

Cyclic  (2\ 

Oxidation'  ’ 

2400 

D43 

9 

176,  323,  361,  437,  461, 
+500,  +500,  +500,  +500 

Cyclic 

Oxidation'  ' 

2400 

Cb752 

10 

155,  155,  163,  164,  182, 
182,  187,  204,  229,  229 

(3) 

Low  Pressure'  9 

2400 

D43 

5 

88,  94,  +277,  +277,  +277 

Low  Pressure^ 

2400 

Cb752 

5 

217,  217,  +231,  +231, 

+231 

1.  +  denotes  specimen  did  not  fail. 

2.  Standard  MAB-201-M  test  at  2400  F 

2.  One-hour  exposure  at  0. 1  Torr  pressure  and  24u0  F,  followed  by  cyclic 
oxidation  at  2400  F  and  atmospheric  pressure. 


Thermal  Fatigue  Tests 

Thermal  fatigue  testing  of  the  V-(Cr-Ti)-Si  coating  involved  exposing  the 
periphery  of  a  0. 750-inch  diameter  hole  in  the  center  of  the  specimen  (0. 030-inch 
thick  Cb752  and  D43  alloys)  to  direct  impingement  of  an  oxygen-methane  flame  for 
one  minute,  followed  by  quenching  in  a  controlled  flow  of  ambient  temperature  air 
for  a  similar  period. 

Results  of  the  tests  at  1800  F  show  that  die  coating  has  no  severe  low- 
temperature  problem  in  this  type  of  test.  Duplicate  specimens  of  each  alloy  were 
tested  for  over  1400  thermal  cycles  without  evidence  of  substrate  oxidation.  The 
specimens  showed  varying  amounts  of  macro  craze  cracking  in  the  coating,  extending 
away  from  the  hole  approximately  0. 125  inch,  but  no  crack®  were  apparent  in  the  sub¬ 
strate.  Slight  glassing  of  the  coating  was  apparent  at  the  1800  F  test  temperature. 

Duplicate  specimens  of  each  all  jy  were  also  tested  at  2400  F.  All  specimens 
successfully  passed  over  1000  thermal  cycles  without  evidence  of  thermal  fatigue 
cracks  or  gross  oxidation.  Minor  craze  cracking  was  apparent  in  the  silicide  around 
the  periphery  of  the  hole,  and  some  warp  age  also  occurred  around  the  hole. 

Erosion-Oxidation  and  Thermal  Shock  Rig  Testa 

Oxidation-erosion  and  thermal  shock  tests  were  performed  at  2400  F  on  one 
set  each  of  V-(Cr-Ti)-Si  coated  Cbl32M  and  D43  wedge  shaped  test  specimens.  Eight 
specimens  of  each  alloy  were  tested  together  for  50  hours  duration  (250  cycles)  in  a 
combusted  JP-5  fuel  and  air  stream.  Nozzle  exit  gas  velocity  was  maintained  at  0.  85 
Mach  throughout  testing.  Specimens  were  alternately  heated  to  the  test  temperature 
for  10  minutes,  and  rapidly  cooled  in  an  600  F  air  blast  for  two  minutes.  On  the  D43 
alloy  specimens,  three  failures  were  observed  during  the  test.  The  failure  sites, 
however,  were  quite  small  and  were  generally  attributed  to  coating  defect*  observed 
prior  to  test.  The  remaining  five  specimens  were  in  excellent  condition  after  test. 
Four  of  the  eight  Cbl32M  specimens  exhibited  spot  failures  in  the  50-hour,  erosion- 
oxidation  test.  These  failures  were  slightly  more  severe  than  on  the  D43  alloy  speci¬ 
mens  and  were  all  on  the  trailing  edges  of  the  specimens. 

Thermal  fatigue  type  rig  tests  were  also  performed  on  V-(Cr-Ti)-Si  coated 
Cbl32M  specimens  and  on  D43  alloy  specimens  coated  with  the  TNV-7  and  TNV-12 
glass-impregnated  coatingB.  Specimens  were  alternately  heated  to  2400  F  for  three 
minutes  followed  by  air  blast  ocoling  for  two  minutes.  Specimens  were  tested  for 
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1000  cycles  without  evidence  of  thermal  fatigue  cracking  or  oxidation  of  the  eubetrate. 
The  TNV-7  and  TNV-12  impregnated  coatings  showed  some  glass  flow  toward  the 
trailing  edge  of  the  bars. 

Oxidation  After  Coating  Damage  Tests 

The  ability  of  the  V-(Cr-Ti)-Sif  TNV-7,  and  TNV-12  coatings  to  provide 
substrate  protection  after  plastic  deformation  was  evaluated.  Specimens  of  each  of 
the  three  coatings  on  0. 030-inch  D43  alloy  were  damaged  at  room  temperature  using 
the  falling  ball  technique.  These  specimens  were  impacted  at  12  foot-pounds  (using 
a  one-inch  diameter  ball)  on  the  edge  and  in  the  center.  Triplicate  specimens  of  each 
coating  impact  combination  were  then  cyclic  oxidation  tested  at  1600  and  2400  F. 

Results  of  the  tests  at  1600  F  showed  that  all  three  coatings  impacted  in  the 
center  region,  provided  substrate  protection  for  up  to  five  hours  (the  limit  of  the  test). 
The  TNV-7  and  TNV-12  coatings,  impacted  on  the  edges,  provided  protection  for 
one  hour;  whereas,  the  V-(Cr-Tl)~Si  coated  specimens  were  adequately  protected.  At 
2400  F,  there  was  no  gross  or  catastrophic  oxidation  after  five  hours  exposure  of  any 
of  the  three  coatings  impacted  on  the  edges  or  in  the  center.  There  was  minor  spalling 
of  the  coating  on  the  edges  and  center  portions  of  the  specimens  and  oxidation  was 
confined  to  these  areas. 

Fatigue  Tests 

Results  of  the  fatigue  tests  on  the  V-(Cr-Ti)-Si  coated  C.  030-inch  Cb752  and 
D43  alloys  showed  a  reduction  in  fatigue  strength  from  baseline  data  of  approximately 
50  percent.  This  reduction  in  strength  was  approximately  the  same  as  that  exhibited 
by  the  coated  0. 012-inch  Cb752  and  IMS  alloys  in  Phase  II. 

The  effects  of  diffusion  and  oxidation  exposure  on  the  fatigue  life  of  the  coated 
D43  and  Cb752  alloys  were  evaluated  by  subjecting  coated  specimens  of  each  alloy  to 
isothermal  oxidation  at  2400  F  for  15  hours  and  then  fatigue  testing  the  specimens.  The 
tests  showed  that  the  oxidation  exposure  of  15  hours  had  no  deleterious  effects  on  the 
fatigue  strength  of  the  V-(Cr-Ti)-Si  coated  alloys. 

Bend  Tests 

The  bend  tests  on  as -coated  0, 030-inch  Cb752  and  IMS  alloys  were  similar  to 
those  on  the  0.012-inch  alloys.  Again,  the  Cb752  alloy  was  embrittled  during  coating 
and  failed  to  pass  the  90-degree  bend  test.  The  D43  specimens  were  ductile. 


HI.  DEVELOPMENT  OF  COATING  CONCEPTS 


The  basic  problems  experienced  with  coatings  for  refractory  metals  have 
been  related  to  their  lack  of  ductility.  Two  lines  of  development  have  been  followed 
to  achieve  adequate  ductility  in  coatings.  One  has  been  through  the  use  of  ductile  ciad- 
ings  such  as  the  recent  work  on  platinum  cladding  of  columbium  alloys  (Ref.  2).  The 
other  has  been  through  the  effective -ductility  approach  in  which  a  sublayer  of  the 
coating  has  ductility  coupled  with  some  oxidation  resistance.  According  to  the 
effective -ductility  concept,  the  ductility  of  the  sublayer  would  prevent  brittle  failure 
in  the  event  of  failure  of  the  outer  layer,  and  the  oxidation  resistance  of  the  sublayer 
wouM  be  adequate  to  complete  a  mission.  The  (Ti-Cr)-Si  coating  was  identified  as 
the  best  available  coating  for  thin  gage  columbium  alloys,  resulting  from  an  extensive 
survey  conducted  in  1963-64  (Ref.  3),  and  this  coating  has  the  characteristics  of  an 
effective-ductility  coating.  However,  the  performance  of  this  coating  was  marginal 
for  multiple  reentry  use  so  that  reliable  performance  was  not  achieved  for  up  to  22 
reentry  cycles  of  one  hour  each  with  slow  heating  and  cooling  (T  2500  F).  Its 
superior  performance  led  to  studies  to  characterize  its  behavior,  and  it  was 
on  the  basis  of  the  strengths  and  weaknesses  of  this  coating  that  the  philosophy  for 
this  program  was  developed.  The  strong  points  noted  in  tests  of  this  coating  were: 

•  Silicide  has  excellent  oxidation  resistance 

•  Excellent  repair  mechanism  in  spite  of  extensive  coating  cracking  that 
forms  on  thermal  cycling 

•  Excellent  performance  in  MAB  cyclic  oxidation  tests  (fast  heating  and 
cooling  cycle) 

On  the  other  hand,  several  weak  points  were  noted: 

•  Performance  in  slow  cycling  tests  is  not  reproducible 

•  Brittle  Laves  phase  MCr^  forms  beneath  silicide 

•  Interstitial  sink  effect  may  cause  strength  loss  of  columbium  alloy 
(especially  duplex  heat  treated).  May  reach  50  percent  loss  of 
etrength. 

•  Solution  and  reprecipitation  of  Laves  phase  may  occur  on  heating  and 
cooling. 


Became  the  course  of  ue/eiopme^  in  the  work  to  bo  described  was  influenced 
so  heavily  by  these  observations,  the  first  section  presents  a  detailed  review  of  the 
(Ti-Cr)-Si  system.  Although  the  points  summarized  above  were  the  ones  from  which 
the  present  program  started,  the  review  Includes  addition  d  data  on  this  chemistry 
gathered  during  the  course  of  the  present  program.  Oxidation  resistance  and  expansiv¬ 
ities  of  individual  components  of  the  coating  are  examples  of  such  data. 

The  general  approach  taken  in  this  work  has  been  to  overcome  the  problems 
identified  with  the  (Ti-Cr)-Si  system  by  modification  of  the  chemistry,  yet  retain  the 
desirable  characteristics  of  the  coating.  The  approach  is  discussed  in  Paragraph  3. 1. 2. 
It  includes  detailed  studies  of  the  individual  components  that  were  believed  to  act  in¬ 
dependently.  Oxidation,  stability,  thermal  expansion,  and  structure  were  some  of 
the  areas  where  studies  were  made  of  massive  specimens  of  alloyed  sublayers,  sub- 
silicides  (M^Si^),  and  disilicides.  Where  coating  components  act  in  concert,  as  in 
interdiffusion,  study  was  made  of  materials  in  pairs  such  as  diffusion  couples.  Finally, 
studies  were  made  of  complete  coating  systems  where  complete  interaction  is  involved 
as  in  repair  mechanisms.  Details  of  the  individual  *>+ndies  are  reported  in  Paragraphs 
3. 2  (sublayers)  and  3. 3  (aluminides  and  silicides).  These  studies  led  to  the  selection 
of  potential  coating  systems  reported  in  Paragraph  3.4. 

3.1  BACKGROUND 

Data  obtained  from  the  (Ti-Cr)-Si  coating  formed  the  starting  point  for  this 
development.  An  analysis  of  factors  affecting  the  performance  of  this  coating  was 
made  prior  to  start  of  work  on  the  program.  Jn  this  basis  an  experimental  approach 
waJ  developed.  Data  on  the  (Ti-Cr)-Si  coating  was  imcomplete  at.  the  time  the  program 
was  initiated,  and  some  of  the  missing  data  have  been  gene  ated  during  the  course  of 
the  present  program.  It  was  decided  to  give  as  complete  an  account  of  this  coating  as 
possible  at  this  point  in  the  report,  although  details  of  the  methods  by  which  the  data 
were  generated  are  not  presented  until  later.  The  reason  for  this  decision  is  that  a 
better  appreciation  of  the  lines  of  research  can  be  obtained  when  viewed  against  this 
background. 


3. 1. 1  A^aiysis  of  the  (Ti-Cr)-Si  Coating 

This  coating  is  applied  by  TRW  in  a  double-cycle  process.  Typical  cycles 

are: 

•  Eight  hours  at  2300  F  using  a  halide-  activated 60Cr-40Ti  pack  in  c  reduced 

"  pressure  environment. 

t  •  Four  hours  at  2050  F  using  a  halide-activated  pure  silicon  pack  in  a  re¬ 

duced  pressure  environment. 

The  (Ti-Cr)-Si  coating  on  columbium  alloys  (as  applied  by  TRW)  produces  a 
modified  alloy  layer  beneath  the  coating  that  is  composed  of  Lavea  phase  (MCr2)  and 
beta  solid  solution.  Figure  3  shows  that  the  titanium  content  reaches  a  maximum  of 
40  percent  with  enough  of  the  beta  formers ,  Cr  and  Cb,  to  stabilize  the  beta  phase. 
Columbium  stabilizes  the  Laves  phase  to  the  melting  point,  but  Figure  4  is  believed 
to  represent  the  essential  features  of  this  portion  of  the  coating.  Dissolution  and 
precipitation  of  the  Laves  phase  in  the  beta  solid  solution  as  the  temperature  is 
increased  or  decreased  characterize  a  wide  range  of  composition  within  the  Ti-Cr 
*  system.  Available  evidence  supports  a  similar  dissolution  in  coated  columbium  alloys. 

The  temperature  at  which  this  dissolution  is  pronounced  may  be  significant  because 
f»  of  the  damage  that  can  result  in  the  silicide  coating  due  to  the  volume  change  resulting 

from  the  dissolution  reaction.  Figure  5  shows  photomicrographs  of  the  (Ti-Cr)-Si 
coating,  before  and  after  various  heat  treatments,  and  illustrates  the  Laves  phase 
dissolution  which  occurs  at  temperatures  between  1750  and  2500  F.  In  slow  heating, 
particularly,  this  dissolution  and  precipitation  could  be  more  disruptive  to  silicide 
coatings  because  of  the  sluggishness  of  the  processes.  In  slow -cycle  tests  at  Solar 
(Ref.  3),  the  oxidation  life  of  many  batches  of  the  (Ti-Cr)-Si  coating  on  various 
columbium  alloys  has  been  reduced  to  less  than  a  few  minutes  at  2500  F  when  the 
cycle  time,  to  and  from  this  temperature,  is  on  the  order  of  30  minutes  compared 
i  50  plus  hours  during  rapid  heating. 

Application  of  titanium-chromium  alloys  by  par*  techniques  in  the  composi¬ 
tion  range  in  excess  of  67  weight  percent  chromium  ($  +  TiCr^)  is  made  more  com- 
-  plex  by  two  problem  areas: 

•  The  stability  of  CbCr2  Laves  phase 

•  The  transport  of  oxygen  from  the  pack  alloy  if  commercial  chromium  is 
used  in  the  pack. 
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FIGURE  4.  CHROMIUM-TITANIUM  BINARY  SYSTEM 

Atypical  difference  in  deposition  rates  on  the  Cb  752  alloy  between  60Cr-40Ti^ 
anu  80Cr-20Ti^  alloys  using  identical  pack  deposition  conditions  is: 

Alley  Coating  Cyc.e  Deposition  Rate 

60Cr-40Ti  5  hours  at  2300  F  )2  mg/em^ 

80Cr-20Ti  5  hours  at  2300  F  2  5  mg/cm^ 

These  pack  alloys  typical1;-  contain  2000  to  3000  ppm  oxygen.  A  60Cr-40Tr  '  does 
not  transport  oxygen  to  columbium  alloys,  even  with  this  high  oxygen  content,  due  to 
the  high  concentration  of  titanium  and  the  high  negative  free  energy  of  formation 
of  solutions  of  oxygen  in  titanium  (Fig.  6).  Reducing  the  titanium  ami  inc^asusg 
the  chromium  concentration,  as  in  the  80Cr-20Ti^'  pack  alloy,  can,  however, 

i.  All  compositions  are  in  weight  percent  unless  otherwise  noted. 


27 


A  F  (Xc.al/gm-atom  oxygen) 


y 

V 

§>•; 

jt‘: 


i 


I 


1  ’0  100  io3  104  io5  io6 

OXYGEN  -  ppm  (atomic) 


FIGURE  6.  PARTIAL  MOLAL  FREE  ENERGY  OF  FORMATION  OF  SOLUTION 
OF  OXYGEN  WITH  VARIOUS  TRANSITION  METALS 

recit't  in  transport  oxygen  and  embrittlement  of  columbium  alloys.  For  example,  the 
Cb752  (Ob-lOW-2. 5Zr)  alloy  has  the  ductile-brittle  bend  transition  temperature  in¬ 
creased  to  above  room  temperature  u/  coating  with  the  80Cr  -2GTi  pack,  whereas  the 
D43  (Cc-10W-lZr-0. 1C)  alloy  is  not  embrittled.  The  difference  in  response  tc  this 
coating  is  believed  to  be  due  to  the  available  zirconium  in  the  alloys.  The  D43  alloy  has 
'dmost  all  the  zirconium  tied  up  as  carbide  and  oxide;  whereas,  the  Cb752  alloy  has 
considerable  zircom.  Jiai  is  uncombired  in  solid  solution  in  the  matrix.  The  large 
negative  free  energy  of  formatter,  o'  1-0  and  grain  boundary  diffusion  are  responsible 
for  the  transfer  of  oxygen.  Siein  -md  LJoagor  (Rex.  Z)  observed  f  similar  embrittle¬ 
ment  of  tie  D36  (Cb-10Ti-5Zr)  alloy  when  coated  with  the  (60Cr-40fi)-Si  coatings,  in¬ 
dicating  again  the  importance  of  zirconium  on  oxygen  transport  and  embrittleiuem. 
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The  slow  deposition  rate  of  the  high-chromium  chromium -titanium  pack  on 
columbium  is  a  direct  result  of  the  greater  stability  of  the  CbCr2  phase.  This  Laves 
phase  is  stable  according  to  Hansen  (Ref.  4)  to  at  least  J850  C  compared  to  1350  C 
for  TiCr2  (Fig.  4).  Diffusion  of  chromium  or  columbium  through  this  high  melting 
phase  is  extremely  slow.  One  function  of  titanium  in  the  chromium -titanium  modified 
layer  is  the  destabilization  of  the  CbCr2  Laves  phase,  thus  increasing  the  deposition 
rate  of  chromium.  Although  the  titanium  pro. ides  destabilization  of  the  CbCr2  Laves 
pliase,  allowing  reasonably  high  deposition  rates  of  chromium,  it  provides  two  dis¬ 
advantages: 

•  It  lowers  the  solidus  of  the  (Ti-Cr)-Si  coating  to  approximately  2500  F. 

•  It  weakens  substrate  alloys  that  are  strengthened  with  carbon  or  oxygen. 

The  latter  point  is  particularly  significant  since  the  third  generation  of  columbium 
alloys  rely  on  dispersions  of  carbides  or  oxides  for  at  least  part  of  their  strength 
(e.g. ,  P43  (0.1  percent  carbon),  Cbl32M  (0.1  percent  carbon),  and  Cb752).  The  loss 
in  strength  of  the  duplex  annealed  (solution  treatment,  cold  reduction,  and  aging)  D43 
alloy  after  application  of  the  (Ti-Cr)-Si  coating  has  been  extensively  discussed  in  other 
papers  (Ref.  6  and  7)  and  conclusive  proof  has  been  developed  that  titanium  is  respon¬ 
sible  for  the  carbon  migration.  The  high  negative  free  energy  of  formation  of  solution 
of  carbon  in  titanium  is  the  driving  force  for  carbon  migration  (Fig.  7).  Duplex 
annealed  Cb752  alloy,  when  coated,  shows  comparable  lose  in  strength  (30  to  50  percent) 
after  coating  (Ref.  7)  but  strength  loss  is  due  to  the  migration  of  oxygen.  The  oxygen 
loss  would  be  expected  from  the  free  energy  data  shown  in  Figure  6.  Further  reduction 
of  titanium  below  the  40  percent  level  appears  imperative  if  carbide  or  oxide 
strengthened  columbium-base  alloys  are  to  be  used  effectively. 

Another  factor  that  must  be  considered  when  evaluating  the  (Ti-Cr)-Si  coat¬ 
ing  is  the  relative  expansions  of  the  various  phases.  The  microstructures  _,hown  in 
Figure  5  are  ttypical.  Crack  free  areas  were  selected  in  most  cases.  The  cracks 
re  not  a  result  of  metallographic  preparation  methods.  Thermally  cycled  speci- 
.ens  for  example  show  a  network  of  cracks  on  the  free  surface  and  the  cracks  become 
progressively  worse  with  time.  Because  of  this  observation,  thermal  sponsion 
measurements  cavo  been  made  on  coatings  and  are  summarized  here  to  complete 
the  discussion  of  the  (T.i~Cr)~Si  coating.  Figure  8  shows  the  thermal  ; expansion  of 
disilicides  in  the  ternary  system,  TiSi^-CrSig-CbSig,  compared  with  a  typical 
columbium  alloy.  An  expansion  bar  formed  fiv  e  disilieides  remov^  from  TRW 
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OXIDATION  RESISTANCE  OF  THE  COMPONENTS  OF  THE 
(Ti-Cr)-Si  COATING  FOR  COLUMBIUM  ALLOYS 
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coated  specimens  Is  shown  at  the  typical  composition  in  Figure  8.  The  cause  of 
crocking  on  thermal  cycling  is  immediately  apparent.  Figure  0  shows  also  th*»  oxida¬ 
tion  resistance  of  sublayers  at  1600  F,  and  of  subsilicides  and  disillcides  at  2400  F. 

v  The  oxidation  resistance  of  the  sublayer  appeared  to  be  Important  at  1600  F  because 

the  higher  expansion  silicide  would  be  expected  to  crack  and  form  openings  at  a 

*  temperature  of  1600  tr  1800  F  on  oocldown.  The  results  show  a  strong  feature  of 
the  (Ti-Cr)-Si  chemistry,  that  of  good  oxidation  resistance  of  all  components  of  the 
coating. 

'>.1.2  General  Approach 

The  original  plan  of  attack  called  for  studies  of  systems  designed  to  circum¬ 
vent  specific  problems  noted  *  a  the  model  system,  (Ti-Cr)-Si.  Table  in  summarizes 
the  general  lines  of  experimental  work  planned.  Specific  reasons  for  selection  of 
individual  systems  were  based  on  their  contributions  to  identified  problems  in  the 
(Ti-Cr)-Si  system.  For  example: 

•  V-Cr-Si  Coating  -  Vanadium  reduces  stability  of  Laves  phase;  reduces 
tendency  to  form  interstitial  sink. 

*  •  Ti-Mo-Si  Coating  -  To  reduce  evaporation  of  chromium  that  occurs  at 

low  pressure,  to  avoid  Laves  phase. 

•  Mo-Cr-(Fe,  Al)  Coating  -  All  ductile,  body  centered  cubic  phases. 

However,  it  was  realized  that  a  study  of  final  coating  chemistries  was  not  the 
most  efficient  way  to  proceed  because  time  and  effort  may  be  expended  in  application  of 
a  coating  chemistry  that  is  not  effective,  and,  m  addition,  little  is  learned  that  can  be 
applied  to  a  different  chemistry,  further,  the  working  hypothesis  was  adopted  that 
silicides  and  aluminides  tend  to  be  plastic  at  service  temperature  e.  g, ,  2500  F),  but 
crack  at  intermediate  temperatures  when  they  become  brittle  and  are  subject  to  dif¬ 
ferential  contraction  stresses.  It  was  assumed  that  an  ideal  system  would  be  one 
where  the  sublayer  exposed  at  the  root  of  the  crack  in  the  more  brittle  aluminide  or 
silicide  must  be  sufficiently  oxidation  resistant  to  avoid  failure.  Development  of  systems 
based  on  such  a  I lypo thesis  would  require  data  such  as  sublayer  oxidation  rates  and 
expansivities  of  the  various  coating  components.  Following  this  line  of  reasoning,  the 
general  approach  was  to  determine  such  properties  before  attempting  to  develop  coat¬ 
ing  methods  to  apply  such  chemistries,  on  the  grounds  that  early  detection  of  inadequacy 
would  avoid  time-consuming  efforts  on  coating  application. 
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TABLE  HI 

EXPERIMENTAL  PROGRAM  AND  SCHEDULE  FOR  PHASE  I 


Experimental 

Program 

Primary 

Objective 

Experimental 

Approach 

Diffusion  barrier 
to  limit  Cr  and  Ti 
diffusion  Into 
substrate. 

To  avoid  rapid  Cr 
and  Tt  diffusion 
from  the  TRW 
costing  into  Cb 
alloy  substrates. 

Diffusion  bond  W  or  Mo  to  Cb 
alloys  and  apply  Cr-Ti-Sl 
coating.  Perform  metallo- 
graphlc,  micro  hardness  and, 
if  necessary,  mlcroprobi 
analyses  of  diffusion  so  nut 
after  high-temperature 
anneals. 

Sub  stitution  of 

Mo  or  W  for  Cr 
in  the  Cr-Tt-3i 
coating. 

To  avoid  rapid  Cr 
and  Ti  diffusion 
into  Cb  alloy  sub¬ 
strates  with  ac¬ 
companying  loss 
in  mechanical 
properties. 

Diffusion  studies  on  the 
Cb-Ti-Mc  or  C'b-Ti-W 
systems  compared  to 

Tl-Cr  diffusion  in  TRW 
coating. 

Determ  in.  expansion  and 
oxidation  behavior  of 
(Ti-Mo)Si2  and  (Cb-Ti-Mo)Si2 
or  (Ti-W  Si2  and  (Cb-Ti- W)Si2 
Mate  necessary  modifications 
consistent  with  realistic 
coating  methods  to  provide 
oxidation  reel  stance. 

Substitution  of  V 
for  Ti  in  the 

Cr-Ti-Sl  coating. 

To  avoid  rapid  Cr 
diffusion — avoid 
formation  of 
(Cb-Ti)Cr2. 

Diffusion  bond  V-Cr  alloys 
to  Cb  alloys  and  determine 
diffusion  rates. 

Determine  expansion  and 
oxidation  behavior  of 
(V-CrJSij  and  (Cb-V-CrjSij. 
Make  necessary  modifications 
consistent  with  realistic  coat¬ 
ing  methods  to  "rovitSe  oxida¬ 
tion  resistance. 

Vanadium  -modified 
slliclde  coatings. 

To  produce  (V-Cb) 
sUlcide  coatingB 
on  Co  alloys  and 
demonstrate  the 
degree  of  protec¬ 
tion  afforded  by 
the  very  fluid 
gloss  oxidation 
products. 

Siliconixe  Cb  alloys  In  a  du-  ! 

plex  V-Si  pack.  Compare 
behavior  to  best  ooated  Cb 
alloys  in  a  *erie3  of  simple 
comparative  oxidation  teats. 
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TABLE  m  (Cont) 

EXPERIMENTAL  PROGRAM  AND  SCHEDULE  FOR  PHASE  I 


Experimental 

Program 

Primary 

Objective 

Experimental 

Approach 

Gamma  sublayer 
aluminide  coatings. 

To  attempt  to  utilize 
a  relatively  ductile, 
oxidation  resistant, 
intermeiallic  com¬ 
as  the  primary  con¬ 
stituent  of  a  coating 
system. 

Diffuse  A1  and  Ti  into  Cb  al¬ 
loys.  Conditions  required  to 
form  a  preponderance  of  the 
(Cb-Ti)Al  phase  ss  a  con¬ 
tinuous  layer  will  be  deter¬ 
mined.  Modification  with  Cr 
and  Si  will  be  considered. 

V-Cb  aluminide 
coatings. 

To  produce  effec¬ 
tive-ductility  coat¬ 
ing  similar  to  TRW, 
Cr-Ti-Si,  based  on 
aluminides. 

Co-plate  A1  and  V  on  Cb  al¬ 
loys.  Determine  oxidation 
behavior  and  expansion  of 
the  compounds  (V-Cb)Al3 
and  (Ti-CbOV)Al3. 

Ductile  metallic 
coating  systems. 

To  produce  a 
continuous  hCC 
coating  system 
composed  of 
compatible  layers 
which  are  effecth  e 
diffusion  barriers. 

Determine  rate  of  inter¬ 
diffusion  between  Cr  and  each 
of  the  alloys  Fe-Ai,  Fe-Cr- 
Al,  Fe-Cr-Y,  Fe-Cr-Al-Y. 

If  interdiffusion  is  too  rapid, 
determine  influence  of  Ni 
additions  to  alloys  in  de¬ 
creasing  A1  diffusion  rate. 
Confirm  interdiffusion  rates 
in  the  Byatems  Cr-fMo  or 

W-Cb  alloy.  If  a  satisfac¬ 
tory  minimum  diffusion  life 
can  be  estaolished,  specimens 
suuaole  for  oxidation  and 
mechanical  property  studies 
will  be  prepared  and 
evaluated. 

Enamel  coating 
for  prealloyed 
Substrates. 

To  permit  better 
control  of  surface 
oxide  composition 
and  improve 
thermal  cycling 
characteristic 
and  resistance  to 
pest-type  failure. 

Application  of  commercial 
ceramic  coatings  tc  Cb  alloys 
prediffusion  coated  with 

Ti-Cr,  If  oxygen  barrier 
performance  and  cycle  per¬ 
formance  appears  promising, 
new,  mere  refractory  ceramic 
coatings  will  be  developed 
specifically  for  2300  to  2500  F 
service. 
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Examination  of  certain  problems  is  not  possible  by  single  component  speci¬ 
mens.  Formation  of  a  subsilicide  by  interdiffusion  of  disilicide  and  columbium  aiiuy, 
and  the  interstitial  sink  effect  are  two  examples  of  problems  that  must  be  solved  by 
means  of  diffusion  couples  or  of  actual  coatings. 

The  most  difficult  problem  is  selection  of  compositions  for  study.  Use  of 
noble  or  scarce  metals  was  not  considered  in  view  of  potential  requirements  for  USAF 
applications. 

Another  point  to  be  considered  Ln  selecting  compositions  for  development  was 
the  environment  and  its  influence.  The  coating  on  aerospace  structures  will  be  ex¬ 
posed  to  low  pressure  under  both  static  and  high  aerodynamic  shear  conditions.  The 
turbine  components,  excluding  such  applications  as  combustion  chamber  liners,  will 
be  exposed  to  extremely  high  mass  flows  and/or  centrifugal  forces.  Coatings  having 
appreciable  fluidity  or  high  volatility  were,  therefore,  not  included  in  the  program. 

Prior  work  (Ref.  3)  on  co^ed  specimens  tested  in  a  plasma  arc  torch  at  2500  F,  illus¬ 
trated  the  problem.  The  aluminum-tin  type  of  coating  and  the  silicide  coating  generat¬ 
ing  very  fluid  oxides  both  failed  in  short  periods  of  time;  whereas,  the  more  refractory 
coatings  held  up  very  well.  For  vane,  blade,  and  reentry  surface  areas,  fluid  silicide, 
conventional  aluminum-tin,  or  zinc  coatings  were  not  considered. 

In  summary,  the  approach  consisted  of  a  study  of  suitable  alloys  for  use  beneath 
silicides  or  sduminides  as  primary  oxidation-resistant  barriers.  Work  on  the  sub¬ 
layers  included  oxidation  resistance,  expansion,  interdiffusion  with  columbium  substrate, 
and  effect  on  the  mechanical  properties  of  the  substrate,  this  work  is  reported  in 
Paragraph  3.  2.  Work  on  the  primary  oxidation  barriers  was  largely  a  study  of  silicides 
and  alurrinidss  and  is  reported  in  Paragraph  3.3.  In  addition,  single-layer  coatings 
of  ductile  alloys  were  studied  based  on  the  all  body  centered  cubic  lattice  concept 
(Table  III);  tills  work  is  reported  in  Paragraph  3.4. 

3.2  EVALUATION  OF  SUBLAYER  PROPERTIES 

The  general  purpose  of  the  work  described  in  this  section  was  to  develop  a 
ductile  sublayer  with  oxidation  resistance  sufficiently  better  than  that  of  the  basic 
columbium  alloy  so  that  it  would  provide  protection  at  the  base  of  cracks  in  the  primary 
oxidation  barrier  (e.g. ,  silicide  or  aluminide).  At  the  same  time,  the  possibility  of 
development  of  an  oxidation  resistant  alloy  that  would  permit  complete  failure  of  the 
primary  barrier,  yet  allow  completion  of  a  mission,  was  regarded  as  a  definite 


secondary  objective.  These  approaches  represent  the  effective-ductility  concept. 
However,  attainment  of  the  first  objective  requires  oxidation  resistance  at  the  tem¬ 
perature  where  the  primary  barrier  might  crack  on  cooldown;  this  temperature  was 
selected  to  be  1600  F.  The  basis  for  this  temperature  was  that  it  allows  at  least 
600  degrees  F  cooling  below  the  temperature  where  the  primary  barrier  possesses 
some  plasticity  (assumed  to  be  2200  F).  If  cracking  occurs  abovi  1600  F,  additional 
cooling  to  1600  F  would  allow  the  cracks  to  open  wider  when  oxidation  protection  will 
be  even  more  necessary;  whereas,  if  cracking  occurs  oelow  1600  F  (because  of  good 
expansion  match,  for  example),  the  kinetics  of  oxidation  will  not  require  such  a  good 
oxidation-resistant  substrate. 

Attainment  of  the  second  objective  requires  that  the  sublayer  have  good  oxi¬ 
dation  resistance  at  the  service  temperature.  The  approach  was  taken  that  if  good 
oxidation  resistance  was  found  at  1600  F,  meeting  the  first  objective,  the  sublayer 
would  be  investigated  up  to  2400  F. 

Other  properti '  s  that  need  to  be  studied  are  expansion  of  the  sublayer  com¬ 
position,  interdiffusion  between  sublayer  and  columbium  alloy,  and  the  effect  of  the 
sublayer  on  the  mechardcal  properties  of  the  columbium  alloy.  Each  of  tliese  problem 
areas  is  discussed  in  the  following  sections. 

3.  2. 1  Oxidation  Resistance 

The  determination  of  the  oxidation  resistance  rf  potential  sublayers  was  a 
major  experimental  effort  in  the  program.  Included  in  the  study  were  various  sub¬ 
strate  alloys  that  would  indicate  a  trend  in  oxidation  resistance  of  solid  solution  alloys; 
alloys  in  the  Cb-Ti-Cr,  Cb-Ti-Mo,  Cr-V,  and  Cb-Ti-Cr-V  systems;  alloys  in  tba 
Cb-Ti-Al;  and  several  systems  containing  berylliuxn.  The  nominal  compositions  of 
the  sheet  alloys  investigated  are  shown  in  Table  IV  and  the  potential  sublayer  alloys 
prepared  on  this  program  in  Table  V. 

The  sublayer  alloys  were  prepared  by  cold  pressing,  followed  by  arc  melting 
in  a  water-cooled  copper  crucible  with  a  tungsten  electrode  in  gettered  argon  at  0.5 
atmosphere.  To  ensure  complete  melting,  the  specimens  were  melted  on  both  sides. 
After  melting,  the  specimens  were  homogenised  in  gettered  argon  at  2300  F  for  four 
hours.  The  oxidation  specimens  were  diamond  sawed  from  the  arc-melted  buttons. 

The  alloys  that  were  prepared  during  the  investigation  are  listed  in  Table  V. 


TABLE  IV 


NOMINAL  COM  POSITIONS  OF  COMMERCIAL  SUBSTRATE 
ALLOYS  OXIDATION  TESTED 


Alloy 

Designation 

Source 

Thickness 

(in.) 

Composition  (Nominal) 

(wx%) 

D14 

du  Pont 

0. 041 

Cb-5Zr 

D36 

du  Pont 

0. 125 

Cb-10Ti-5Zr 

D31 

du  Pont 

0.103 

Cb-l0Ti-10Mo-0. 1C 

Cb752 

Union  Carbide 

0. 125 

Cb-l0W-2. 5Zr 

0)753 

Union  Carbide 

0.  022 

Cb-5V 

D43 

du  Pont 

0.  030 

Cb-10W-l  Zr-0. 1C 

C129 

Wah  Chang 

0.0123 

Cb-15  w-lOHf 

C129Y 

Wah  Chang 

0. 0305 

Cb-lOW-lOHf  plus  Y 

B66 

Westinghouse 

0.050 

Cb-5V-5Mo-lZr 

Cb  (pure) 

0.  021 

lOOCb 

Oxidation  tests  were  conducted  in  air  for  1,  2,  4,  and  16  ho-. rs  at  1600  F. 
Initially,  the  specimens  were  measured  and  weighed  before  the  testa  with  the  intention 
of  scraping  off  the  oxide  after  the  tests  to  measure  the  surface  recession  rate  cf  alloys. 
However,  this  was  feasible  for  most  of  the  specimens  after  the  one-hour  test  only. 

It  could  be  done  for  a  Jew  specimens  after  the  two  -hour  test,  but  the  oxidation  was 
catastrophic  after  4  and  16  hours  for  almost  all  of  the  initial  alloy  specimens  (Alloys 
101  through  X27).  For  subsequent  alloys,  the  specimen  plus  all  of  its  oxide  was 
weighed  after  each  cycle  to  generate  rate  plots  from  the  data. 

Oxidation  of  Commercial  Alloys 

The  1600  F  oxidation  test  results  on  ten  commercial  columbium-base  alloys 
are  shown  in  Table  VI.  and  specimens  exposed  1  and  16  hours  are  shown  in  Figure  10. 
The  oxidation  test,  results  are  plotted  in  Figure  11,  and  show  that  the  alloys  fall  into 
two  groups  in  their  resistance  to  oxidation.  All  of  the  alloys  underwent  diffusion  con¬ 
triv'd  d,  i.e. ,  parabolic  oxidation:  however,  the  rate  constants  were  markedly  different 
for  the  two  groups.  The  rate  constant,  k,  is  given  by  the  relation  between  weight  gain, 


TABLE  V 

NOMINAL  COMPOSITION  OF  ARC-MELTED  SUBLAYER  ALLOYS 
FOR  OXIDATION  STUDIES  AT  SOLAR 


Nominal  Composition  (wt  %) 


Designation 

Ob 

Ti 

Cr 

Mo 

V 

A1 

* 

101 

65.7 

27.0 

7.3 

__ 

102 

65.0 

16.8 

18.2 

— 

mm 

mm 

_ 

103 

84.4 

6.7 

28.9 

— 

— 

mm 

m. 

104 

74.0 

19.1 

6.9 

— 

mm 

mm 

105 

73.6 

12.7 

13.7 

— 

... 

— 

mm 

106 

73,2 

6.3 

20.5 

men 

— 

m. 

107 

85.1 

11.7 

3.2 

.  . 

m- 

— 

mm 

108 

84.5 

2.9 

12.6 

— 

— 

mm 

mm 

109 

88.1 

2.7 

9.2 

— 

— 

— 

— 

110 

61.8 

25.5 

12.7 

mm 

111 

56.4 

14.5 

— 

29.1 

— 

mm 

mm 

112 

51.8 

5.4 

— 

42.8 

— 

— 

mm 

113 

70.0 

10.0 

mm 

12.0 

mm 

mm 

mm 

114 

— 

11.3 

— 

22.7 

— 

mm 

115 

— 

5.4 

— 

32.2 

— 

— 

m. 

116 

— 

11.4 

5.7 

mm 

— 

mm 

117 

— 

2.  S 

cm 

21.0 

m- 

_ 

mm 

118 

— 

2.6 

— 

5.S 

-- 

— 

— 

119 

mm 

-- 

7.2 

... 

28.3 

mm 

__ 

120 

— 

— 

18.0 

mm 

17.6 

_ 

m- 

121 

— 

— 

28.7 

— 

7.0 

mm 

mm 

122 

— 

— 

6.8 

— 

20.1 

mm 

mm 

123 

— 

— 

13.6 

-m 

13.4 

— 

mm 

124 

— 

— 

20.4 

— 

6.7 

mm 

mm 

125 

-- 

— 

3.1 

— 

12.4 

— 

mm 

126 

— 

— 

12.6 

— 

3.1 

mm 

mm 

127 

— 

-- 

2.9 

— 

2.9 

— 

— 

«1 

64.6 

6.67 

2.1.7 

— 

7.1 

— 

64.2 

~ 

28.7 

— 

7.0 

— 

— 

03 

65.2 

27.1 

7.3 

— 

— 

— 

— 

55.2 

23.2 

11.0 

— 

3.6 

— 

— 

% 

65.0 

13.4 

14.5 

— 

7.1 

— 

<*6 

65.7 

27.1 

— 

— 

7.2 

— 

— 

«7 

65.4 

20.2 

— 

7.2 

— 

— 

IlTRlW  13 

91 

5 

— 

_ 

4 

DTRI  33 

85 

10 

-- 

-- 

_ 

5 

mm 

ITTRI  34 

75 

20 

— 

— 

_ 

5 

mm 

HTR1  35 

65 

30 

-- 

— 

_ 

5 

_ 

I1TR1  36 

40 

50 

— 

— 

_ 

1C 

mm 

ITTRI  37 

55 

40 

~ 

— 

5 

m~ 

ilTRI  38 

30 

<0 

-- 

-- 

-- 

10 

mm 

- 

45 

\v 

16 

— 

— 

5 

-- 

Be  -1 

99.75 

— 

-m 

-•* 

— 

0.25 

Be -2 

M.5 

-- 

.  -- 

-- 

-- 

0,  5 

Be-3 

y».  o 

— 

-- 

-- 

-- 

1.0 

Be--t 

to  e 

— 

— 

-- 

-- 

5.  0 

Be -5 

m.  i 

10  0 

-- 

... 

— 

0.5 

Be-€  I 

us 

.so.  e 

-- 

-- 

-- 

0.5 

fte-T 

55.0 

33.  C 

10  ) 

-- 

-- 

— 

5.0 

Be-S 

— 

59.5 

30.  0 

_ _ 1 

10.  0  J 

— 

0.  5 

i.  AXio-jt  liTRi  13  tferowft  1ITR1  3D  were  prepared  *»  TTHJ  end  o*sitilo®  tested  at  Solar. 
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TABLE  VI 

0XIDA1  >N  OF  UNCOATED  SUBSTRATE  ALLOYS  -  1600  F  IN  AIR 


Nominal  Composition 
(weight  paroant) 

Wi'fht  Otlo  (mg /cm*) 

Alloy 

1  hr 

2  hr 

4  hr 

19  hr 

Com  moot* 

D36 

Cb-iOTl-JZr 

5.2 

3.3 

13.9 

29.9 

Third  boat:  whit*,  oon- 
adbarant  ox  id*. 

Cb753 

Cb-CV 

12.9 

11.4 

13.5 

16.9 

16.1 

14.3 

27.5 

17.6 

Fourth  boat;  dark  ox  id*. 

B6« 

Cb-SV-SMo-lZr 

6.4 

tf.S 

10.3 

19.4 

Stcond  boat;  dirk  ox  Id*. 

Cb7S2 

Cb-10W-2.  SZr 

32.1 

39.7 

44.0 

129.0 

Poor;  bat  oxidation: 
whit*  ox  id* . 

IMS 

Cb-lOW-IZr-O.lC 

27.4 

33.4 

31.4 

109.9 

Poor;  bat  oxidation; 
whit*  ox  id*. 

C120 

cb-iow-ioia 

49.5 

- 

- 

- 

Poor;  bat  oxidation; 
white  ox  Id*. 

C129Y 

Cb-10W-10Hl  ♦  \ 

26.3 

3a.  3 

69.9 

129.9 

Poor-  bat  oxidation; 
white  cold*. 

DU 

Cb-»Zr 

61.0 

96.9 

162.9 

Complete 

oxide 

Poor;  vary  bat  oxidation. 

D31 

Cb-10Tl-10Ko-0. 1C 

3.7 

4.9 

6  3 

13.0 

Baat  of  **r  tea:  dark  ox  Id*. 

Pu/a  Cb 

- - 

lOOCb 

41.6 

37.0 

Comptet* 
ax  Id* 

CompUte 

oxida 

Poor;  vary  bat  oxidation. 

2  1/2 

This  constant  varied  from  more  than  27. 5  mg/cm  /hr  for  the  high  group 

2  i  2 

to  less  than  6.9  mg/cm  /hr  '  for  the  low  group.  The  high  oxidation  rate  group  con¬ 
tained  pure  columbium,  D14,  C129,  C129Y,  Cb752,  and  D43  alloys;  the  low  group 
contained  Cb753,  D36,  B66,  and  D31  alloys. 

Duplicate  oxidation  tests  were  run  on  the  Cb753  alloy  because  of  the  unusual 

oxidation  resistance  results  (Table  VI  and  Figure  11).  The  parabolic  o-  idation  rate 

constant  of  this  alloy  appeared  to  change  with  time.  Up  to  two  hours,  the  constant  was 
2  1/2 

11.5  mg/cm  Ar  ;  from  2  to  16  hours  the  rate  constant  was  the  lowest  displayed  by 
any  one  of  the  commercial  alloys,  i.e. ,  3.47  mg/em^/hr*^  or  lower  depending  on 
the  data  used.  Both  runs  confirmed  thUi  effect. 

It  appeared  significant  that  the  commercial  alloys  exhibiting  good  oxidation 
resistance  when  uncoated,  i.e. ,  Cb753,  D36,  B66,  and  D31,  are  the  alloys  that  have 
the  most  oxidation  resistance  when  silicided  with  a  straight  silicide  coating.  The 
oxidation  resistance  of  the  substrate  undoubtedly  is  a  significant  ‘actor  in  the  per¬ 
formance  of  such  coatings. 
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The  1600  F  oxidation  Wat  results  on  the  above  ternary  alloys  are  summarized 
in  Table  VII.  The  weight  increase  is  related  to  the  original  surface  area.  In  many 
cases,  however,  the  specimens  exfoliate  during  tests,  and  as  a  result  the  actual  sur¬ 
face  area  becomes  very  large.  In  Figures  12  through  14,  the  specimens  are  shown 
arranged  according  to  nominal  composition,  after  4-  and  16-hour  tests.  Weight  gain 
data  after  two  hours  at  1600  F  are  shown  in  Figure  15.  The  same  alloys  are  shown  in 
Figures  12B,  13B,  and  14B. 
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TABLE  VII 

OXIDATION  IN  AIR  AT  1600  F  OF  SEVERAL  Cb-Ti-Cr,  Cb-TI-Mo, 
AND  Cb-V-Cr  TERNARY  ALLOYS 


- 1 

2. 

Thickoce* 

-in) 

Nominal  Competition  j 

Wtifht  Inert  am  (mg/ci 

n  ) 

After 

Number 

<wt  %) 

(92%) 

1  hr 

2  hr 

4  hr 

16  hr 

Original 

HSjH 

101 

Cb-27.0Ti-7.3Cr 

socb-4on-iocr 

1.01 

1.82 

4.84 

.. 

0. 1440 

0. 1435 

102 

Cb-16.8Tl-18.2Cr 

50Cb-2STl-2SCr 

6.31 

11.07 

11.61 

12.68 

0. 1285 

0. 1270 

103 

Cb-6.7TI-28.9Cr 

50Cb-10Tl-40Cr 

1.76 

4.08 

-- 

comp 

ox 

0. 1450 

0. 1435 

104 

Cb-19.lTI-6.9Cr 

60Cb-30Tl-10Cr 

2.32 

2.91 

- 

6.56 

0,1070 

0. 1070 

10S 

Cb-12.7Tl-13.7Cr 

60Cb-20Tl-20Cr 

12.24 

- 

-- 

38.16 

0. 1325 

0. 1320 

106 

Cb-8.3Tl-20.SCr 

60Cb-10Tl-30Cr 

13.13 

-- 

13.18 

- 

107 

Cb-ll.7Tl-3.2Cr 

75Cb-20Ti-5Cr 

4.02 

5.00 

- 

-- 

0. 1040 

0.1035 

108 

Cb-2.9T1-12  6Cr 

75Cb-5Tl-20Cr 

3.68 

6.15 

-- 

- 

109 

Cb-2  7Tl-t.2Cr 

90Cb-5Tl-5Cr 

- 

19.90 

•* 

75.20 

110 

Cb-2S.5Tt-12.7llo 

S0Cb-40Tl-10Mo 

6.64 

-- 

9.78 

16.69 

0. 1232 

0. 1232 

111 

Cb-14.STl-29.iMo 

50Cb-25Tl-2SMo 

4.46 

S.S6 

31.87 

129. 16 

0. 1393 

112 

Cb-S.4Tl-42.8Mo 

S0Cb-10Tl-40Mo 

23.38 

39.18 

comp 

ox 

comp 

ox 

0. 1055 

... 

113 

Cb-18.0Tl-12.0Mo 

60Cb-30Tl-  lOMo 

9,11 

8.29 

16.07 

16.07 

0.1368 

0. 1345 

114 

Cb-ll.3Tl-22.7Mo 

5SCb-20Tl-20Mo 

4.S9 

6. 13 

12.42 

67.53 

0. 1315 

0. 1300 

US 

Cb-S.4Tl-32.2Mo 

t0Cb-10Tl-30Mo 

17.76 

23.66 

42.97 

119.82 

0. 1239 

0.0955 

116 

Cb-ll.4Tl-5.7Mo 

7SCb-20Tl-SMo 

4.90 

8.27 

16.03 

20.41 

0.1150 

0.1150 

117 

Cb-2.8Tl-21.0Mo 

75Cb-5Tt-30Mo 

much 

ox 

much 

ox 

much 

ox 

comp 

ox 

0  1618 

0. 1570 

118 

Cb-2.6Ti-5.3Mo 

90Cb-5Tt-326o 

5.72 

much 

ox 

comp 

ox 

0. 1233 

0  1213 

119 

Cb-2i.3V-7.2Cr 

S0Cb-40V-10Cr 

64.60 

94.20 

126.77 

162.93 

0. 1395 

120 

Cb-17.6V-l_.OCr 

50Cb-2SV-2SCr 

24.41 

39.92 

117.37 

comp 

ox 

0. 1220 

0.1110 

121 

Cb-7  0V-28  7Cr 

S0Cb-10V-40Cr 

3.36 

7.54 

10.55 

23  90 

0.1412 

0  1391 

122 

Cb-20. 1V-6.  8Cr 

60Cb-30V-10Cr 

47.06 

- 

56.08 

159. 26 

0.1173 

123 

Cb-l3.4V-l3.6Cr 

60Cb-20V-20Cr 

9.13 

42.75 

97.22 

119.90 

0.1513 

0. 1476 

124 

Cb-8.7V-20.4Cr 

60Cb-l"V-30Cr 

13. 90 

- 

30.70 

76.37 

0. 1335 

0. 1335 

12$ 

Cb-ll.4V-3.lCr 

7SCb-20V-5Cr 

12.34 

32.6 

71.69 

332.84 

0.1000 

0.0971 

128 

Cb-3.lV-ll.6Cr 

75Cb-6V-WCr 

»*rr 

good 

gOOIl 

good 

hir 

0. 1065 

0.1030 

127 

Cb-2.9V-2.9Cr 

90Cb-SV-SCr 

vory 

good 

good 

good 

(air 

0.1303 

0. 1465 

t-  VntuM  not  JtOW  Am  to  **e*Mltr*  •palling 


Not*;  eomp  o*  -  eomplat*  ealdatlm 
melt  oa  -  mack  at  trial  Win 


Ui  Mt  M> 

B.  Oxidised  Sixteen  Hour* 

FIGURE  12.  COLUMBIUM-TITANIUM-CHROILTUM  ALLOYS  OXIDIZED  AT  1600  F 
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FIGURE  16.  COLUM5.IUM-TITAMUM-CHBOMIUM  ALLOYS  ARC  MELTED 
AND  ANNEALED  FOUR  HOURS  AT  2300  F 


Metaiiographic  investigations  of  the  alloys  after  four-hour  homogenizing  at 
2300  F  showed  the  low-chromium  samples  of  the  Cb-Ti-Cr  and  Cb-V-Cr  systems  to 
be  one-phase  solid  solution;  the  higher  chromium  alloys  were  two-phase  structures. 
The  Cb-Ti-Mo  alloys  were  all  solid  solutions.  Figures  16  through  18  show  the  micro 
structures  of  the  alloys  after  annealing  at  2300  F  and  suggested  one-  and  two-phase 
regions  for  the  Cb-Ti-Cr  and  Cb-V-Cr  systems. 

Interpretin',  the  significance  of  the  limited  test  series,  there  appeared  to  be 
some  definite  trends  in  the  data  that  were  traceable  to  composition.  For  example, 
zirconium,  hafnium,  and  tungsten  eitser  did  not  improve  the  oxidation  resistance  of 
o^umbium  or  were  deleterious  to  it;  titanium  and  vanadium  markedly  improve  the 
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FIGURE  17.  COLUM^UM,  TITANIUM,  MOLYBDENUM  ALLOYS  ARC  MELTED 
AND  ANNEALED  POUR  HOURS  AT  2300  F 


oxidation  resistance  of  columhimn,  and  the  combination  of  molybdenum  with  vanadium 
or  titanium  offered  further  improvement  in  oxidation  resistance  over  the  single- 
element  additions. 

Based  on  the  experimental  results  presented  ia  this  section,  it  was  concluded 
that  the  alloys  tested  in  ibe  Cb-Ti-Cr  system  shew  higher  oxidation  resistance  at 
1600  F  than  the  Cb-Ti  -Mo  and  Cb-V-Cr  alloys. 

In  the  Cb-Ti-Cr  system,  good  oxidation  resistance  occurred  in  the  alloys  of 
low-  and  medium -columbium  onteia.  By  replacing  the  chcoujum  with  rw%bd»B*un, 
the  oxidation  resistance  decreased,  and  tiv'  most  oxidation -resiau^  alloys  were  those 
in  which  the  molybdenum  concentration  was  low.  Thic  oxidation  resistance  w*a  ex¬ 
pected,  since  molybdenum  was  known  to  cause  catastrophic  oxidation.  Vanadium  was 
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FIGURE  18.  COLUMBIUM-VANADIUM-CHROMIUM  ALLOYS  ARC  MELTED 
AND  ANNEALED  FOUR  HOURS  AT  2300  F 


also  known  to  cause  catastrophic  oxidation  and,  consequently,  substituting  vanadium 
for  titanium  was  expected  to  cause  some  deterioration  of  the  oxidation  properties. 
This  deterioration  was  clearly  observed  in  this  study. 

The  Cb-V-Cr  alloys  generally  exhibited  very  poor  oxidation  resistance  ex¬ 
cept  foi  the  one  with  the  highest  chromium  content.  This  alloy  (50Cb-l 0V-4oCr)  was 
comparable  to  the  best  Cb-Ti-Mo  alleys  and  to  many  of  the  Cb-Ti-Cr  alloys,  and  it 
is  conceivable  that  an  even  higher  chromium  content  would  improve  the  oxidation 
properties  further. 
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Alloy  Q2 


10V-40Cr-50Cb 


40Ti-10Cr-50Cb 


Alloy  Q4 


Magnification:  250X 


FIGURE  19.  MICROSTRUCTURE  OF  VARIOUS  COLUMBIUM  ALLOYS 
CONTAINING  TITANIUM,  VANADIUM,  AND  CHROMIUM 
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Oxidation  of  Alloys  of  Cb-Ti-V-Cr 

The  oxidation  resistance  of  the  ternary  alloys  indicated  that  oxidation  in  the 
Cb-Ti~Mo  and  Cb-Ti-Cr  alloys  improved  with  increasing  ratios  of  titanium/molybdenum 
or  titanlum/chromium  for  alloys  containing  SO  to  90  atomic  percent  of  eoiumbium.  With 
the  Cb-V-Cr  system,  the  oxidation  resistance  showed  improvement  with  increasing 
chromium/vcnadium  ratios.  No  general  trend  in  oxidation  resistance  as  a  function  of 
total  chromium  or  titanium  content  was  noted  in  the  Cb-  Ti-Cr  sy&tem;  whereas,  in 
the  Cb-V  -Cr  and  Cb-Ti-Mo  system,  oxidation  resistance  improved  with  decreasing 
vanadium  and  molybdenum  content,  respectively.  The  two  chromium-containing  systems 
showed  some  tendency  to  improve  in  oxidation  resistance  in  the  single-phase  region. 

It  was  decided,  therefore,  to  explore  the  single-phase  regions  of  these  systems  pri¬ 
marily  with  the  emphasis  on  the  effect  of  substitution  of  titanium  for  chromium  in  the 
V-Cb  system  while  retaining  the  eoiumbium  percentage  constant.  The  microstmcture 
of  the  arc-melted  alloys  are  shown  in  Figure  19.  Two  of  the  alloys,  Q1  and  Q2,  with 
the  highest  chromium  content  were  definitely  two  phased.  Alloys  with  10  atomic  percent 
chromium  or  Jess  (Q3,  Q6,  and  Q7)  were  single  phased;  whereas,  alloys  with  15  to 
20  percent  chromium  had  minor  secondary  phases  (Q4  and  Q5)  that  are  probably  Laves 
phase  (MCr?).  A  comparison  of  the  micrcstructure  of  alloys  Q4  and  Q5  illustrated  the 
pronounced  effect  that  vanadium  had  on  the  solubility  of  chromium.  The  Q4  composition 
with  15  percent  chromium  and  5  percent  vanadium  had  considerably  more  Laves  phase 
than  Q5  which  contained  20  percent  chromium  and  10  percent  vanadium. 

Oxidation  test  results  with  the  oxidation  rater  and  retained  ductility  after 
16  hours  are  contained  in  Table  VIE.  The  results  indicates  that  the  single -phase 
alloys,  Q3,  Q6,  and  Q7,  had  the  best  oxidation  resistance  and  retained  ductility.  The 
Q3  composition  containing  40Ti-10Cr-50Cb  (atomic  percent;  was  by  far  the  most 
oxidation  resistant  composition,  but  on  a  combination  of  oxidation  resistance  and  re¬ 
tained  ductility,  the  Q6  composition  (40Ti-10V-50Cb)  was  rated  equally  with  the  Q3 
alloy.  Chromium  had  a  marked  adverse  effect  on  ductility. 

The  specimens  after  4  and  16  hours  of  test  are  shown  in  Figure  20.  All  alloys 
had  tightly  adhering  oxides  that  «how«d  regligible  spall  on  cooling  to  room  temperature 
after  four  horn  s.  After  16  hours,  only  Mgh-'-hronium  alloys,  Q1  and  Q2,  which 
showed  some  of  the  highest  weight  gains,  regained  their  oxide.  The  most  oxidation- 
resistant  composition,  Q3,  spalled  essentially  to  the  base  metal  after  the  16-hour 
cycle. 
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16  Houtb  at  1600  F 


4  Hours 


FIGURE  20.  SPECIMENS  OF  SUBLAYER  ALLOYS  Q1  THROUGH  Q7  AFTER 
OXIDATION  TESTING  AT  1600  F 


TABLE  VHI 

OXIDATION  IN  AIR  AT  1600  F  OF  SEVERAL  Ti-V-Cr-Cb  ALLOYS 


Alloy 

Number 

Nominal  Composition 
(atomic  percent) 

Weight  Increase  (mg/cm*) 

fUting 

Oxidation 

Ductility 

After 

Test<2> 

1  hr 

2  hr 

4  hr 

16  hr 

Qi 

10Tl-l0V-30Cr-50Cb 

n 

6.4 

KB 

4 

6 

<32 

10V  40Cr-50Cb 

4.2 

■31 

S 

7 

<33 

40Ti-10Cr-50CD 

1.6 

1.8 

BB 

1 

2 

<34 

30Tl-5V-15Cr-50Cb 

3.1 

3.0 

1 

24.4 

6 

4 

<35 

20Tl-10V-20Cr-50Cb 

5.9 

7.3 

8.97 

32.9 

7 

5 

<36 

40Tt-10V-50Cb 

3.5 

4.3 

6.29 

11.4 

2 

mm 

<37 

?0Ti-10V-10Cr-50Cb 

2.8 

6.1 

7.63 

14.1 

3 

■i 

1.  1  best  to  7  pooreit  (assessed  on  weight  gain  and  appearance) 

2.  1  best  to  7  poorest  (assessed  by  bending  after  16  hour*  at  temperature) 


The  plots  of  the  weight  change  data  versus  time  (Fig.  21)  indicated  that  the 
three  most  oxidation-resistant  alloys,  Q3,  Q6,  and  Q7,  had  parabolic  rate  constants, 
k,  (W  weight  gain  =  kt1^2)  of  1.  05,  2.  87,  and  3.5  (mg/cm2/hr1//2),  respectively.  The 
other  alloys  showed  a  breakaway  type  of  oxidation  at  four  hours  or  less. 

Microstructures  of  the  alloys  after  oxidation  for  16  hours  are  shown  in 
Figure  22.  Only  the  titanium -free,  high-chromium  alloy,  Q2,  showed  no  change  in 
structure  after  oxidation.  The  alloy  exhibiting  the  greatest  capacity  to  absorb  oxygen 
without  extensive  grain  boundary  oxygen  precipitation  was  the  chromium-free  alloy,  Q6. 
The  retained  ductility  of  this  alloy  (note  rating  in  Table  VM)  may  result  from  the  fact 
that  the  alloy  has  a  high  solubility  for  oxygen  and  was  not  saturated  during  exposure. 

A  summary  of  the  oxidation  rates  of  the  more  oxidation-resistant  commercial 
alloy  substrates  previously  described,  and  the  sublayer  alloys  described  to  this  point 
is  presented  in  Figure  23.  The  outstanding  compositions  were  in  the  Cb-Ti-Cr  systems, 
but  the  oxidation  resistance  was  veiy  composition  dependent.  The  compositions  in  the 
high-titanium  region,  30  to  40  atomic  percent  (19  to  27  weight  percent),  and  low- 
chromium  region,  10  atomic  percent  (7. 2  weight  percent),  gave  the  lowest  oxidation 
rates  and  most  consistent  performance.  Alloys  in  the  Cb-Mo-Ti  system  were  the  next 
most  oxidation  resistant  with  compositions  in  the  relatively  high  titanium  range  (20  to 
40  atomic  percent)  performing  best.  Molybdenum  must  be  kept  at  10  atomic  percent  or 
lower.  The  Cb-V,  Cb-V-Mo,  Cb-V-Cr,  and  Cb-Ti-V  systems  also  produced  compositions 
that  exhibited  lower  oxidation  rates  than  pure  columbium  and  alloys  such  as  D43,  Cb752, 
and  C129Y. 


fT(hrl/2) 


FIGURE  21.  OXIDATION  RATE  OF  VARIOUS  SUBLAYER  ALLOYS 

All  factors  being  equal ,  developing  the  most  oxidation-resistant  sublayer  should 
yield  the  most  satisfactory  coating.  Thus,  a  sublayer  of  Cb-40  at.  %  Ti-10  at.  %  Cr 
appeared  optimum.  The  coating  developed  by  TRW  has  a  sublayer  of  nearly  this  com¬ 
position  and  has  performed  commendably  well  in  oxidation  tests  although  not  with 
acceptable  reliability  (Ref.  6).  It  was  shown  in  Paragraph  3. 1. 1  that  the  high-expansion 
silicide  cracks  on  cooldown  so  that  a  highly  oxidation-resistant  sublayer  is  required 
to  protect  the  substrate.  This  requirement  assumes  that  oxidation  resistance  is  the 
most  important  factor.  On  the  other  hand,  a  porous  or  somewhat  fluid  oxide  that  has 
lower  oxidation  resistance,  may  be  better  able  to  seal  a  crack  in  the  disilide,  particu¬ 
larly  if  it  fluxes  the  silica  formed  by  oxidation  of  the  walls  of  the  crack.  This  point  is 
mentioned  because  it  illustrates  the  difficulty  of  separating  the  components  of  a  coating 
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10Ti-10V-30Cr-50Cb 


10V-40Cr-50Cb 


40Ti-10Cr-50Cb 


30Ti-5V-15Cr-50Cb 


Alloy  Q5 


Alloy  Q6 


Alloy  Q7 


Magnification  250X 


FIGURE  22.  MICROSTRUCTURE  OF  VARIOUS  TITANIUM,  VANADIUM, 

CHROMIUM,  AND  COLUMBIUM  ALLOYS  AFTER  OXIDATION 
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FIGURE  23.  SUMMARY  PLOT  OF  OXIDATION  RATES  AT  1600  F  OF 
SUBLAYERS  AND  SUBSTRATES 


and  because  it  led  to  &  decision  to  study  V  -Cr-8i  coatings  in  spite  of  the  low-oxidation 
resistance  of  Cb-V-Cr  alloys  compared  with  Cb-Tl-Cr,  because  of  other  advantages 
anticipated. 

Lowering  the  titanium  content  or  eliminating  titanium  from  the  surface  alloy 
should  minimize  or  eliminate  the  migration  of  oxygen  and  carbon  to  the  coating,  and 
thus  minimize  the  effect  of  the  coating  on  the  substrate  mechanical  properties  (Ref,  6 
and  7).  Tills  factor  alone  justified  a  more  serious  look  at  the  low  titanium  modifier 
compositions  because  all  current  columbium -base  structural  alloys  derive  at  least  a 
part  of  their  strength  from  the  dispersion  of  compounds  formed  from  the  interstitial 
elements  (carbon,  oxygen,  and  nitrogen)  with  zirconium  and  hafnium.  The  application 
studies  (Section  V)  in  the  Ti-Mo  and  V-Cr  systems  include  the  lower  concentration 
ranges. 


The  sublayer  and  substrate  study  emphasized  gross  oxidation  of  alloys  only. 
Interdiffusion  of  oxygen  with  the  alleys  was  not  considered  as  a  criterion  because: 

•  It  was  not  believed  practical  to  develop  ductile  oxygen  barriers  except 
layers  that  could  hold  oxygen  in  solution. 

•  The  major  deficiency  in  silicide  coatings  was  believed  to  be  the  result  ox 
oxide  growth  in  craze  cracks  that  produced  fracture  stresses  within  the 
coating  upon  thermal  cycling  and  not  substrate  embrittlement  by  the 
diffusion  of  oxygen  or  nitrogen.  In  the  case  of  gross  mechanical  damage 
to  the  silicide  and  loss  of  this  primary  oxygen  barrier,  permanent 
damage  would  result  in  a  relatively  short  time.  A  solution  to  this  gross 
damage  problem  appeared  beyond  the  scope  of  the  suicide  coaling  phase 
of  the  program. 

Oxidation  of  Cb-Ti-Al  Solid  Solution  Alloys 

Columbium  alloy  development  has  proceeded  independently  of  coating  develop¬ 
ment.  This  independent  development  has  led  to  the  rejection  of  certain  alloying  elements. 
For  example,  available  data  indicated  that  aluminum  additions  caused  difficulty  in 
working  at  the  five  percent  level.  Thus,  Sheely  and  Wilson  (Ref.  8)  reported  Cb-5A1-5V 
to  be  difficult  to  work  and  adopted  Cb'3Al-3V  as  a  base  for  further  stuffy.  But  these 
small  additions  were  inadequate  for  oxidation  resistance  at  typical  operating  tempera¬ 
tures,  and  did  not  lead  to  high-strength  alloys  so  that  work  on  aluminum-containing 
alloys  was  stopped. 
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However,  when  the  goal  of  oxidation  resistance  at  intermediate  temperatures 
is  substituted,  the  position  must  be  reexamined.  Aluminum  appeared  to  be  less  dele¬ 
terious  to  the  strength  of  columbium  alloys  than  titanium.  Si  lidding  of  aluminum  con¬ 
taining  alloys  does  not  cauce  adverse  reactions  because  microprobe  analyses  by 
Hubbard  and  Minton  (Ref.  9)  showed  that  aluminum  did  not  enter  the  disilicide  to  any 
appreciable  extent: 

•  Outer  layer  (disilicide  type)  66Cb-30,  SSi-3. 5A1 

•  Inner  layer  80. 5Cb-35Al-4. 5f?.t 

From  these  results  it  was  concluded  that  aluminum-containing  substrates  could 
be  compatible  with  disilicide  coatings,  and  would  have  no  marked  adverse  effects  on 
columbium  alloys. 

The  following  steps  were  taken  to  investigate  aluminum-containing  sublayers: 

•  Oxidation  tests  at  1800  F  of  arc-melted  solid  solution  alloys  prepared 
by  IITRI. 

•  Determination  of  the  effect  of  aluminum  and  (Ti  +  Al)  coatings  on  the 
mechanical  properties  and  oxidation  resistance  of  columbium  alloys. 

Seven  arc-melted  .alloys  from  the  Cb-Ti-Al  system  were  supplied  by  IITRI. 

The  alloys  were  prepared  as  30 -gram  melts  by  nonconsumable  arc  melting,  and 
homogenized  at  2500  F  for  one  hour  at  10”5  Torn. 

The  seven  Cb-Ti-Al  alloys  were  oxidation  *~sted  at  1800  F  in  air  for  1,  2,  4, 
and  16  hours  (separate  specimens  were  used  for  each  test).  The  test  results  are 
contain*  1  in  Table  IX  and  displayed  in  a  parabolic  plot  Figure  24.  Oxidation  teet 
results  for  the  Cb-40Ti-10Cr  composition  are  also  displayed  in  Figure  24. 

At  a  constant  aluminum  concentration  of  four  to  five  weight  percent,  the 
oxidation  rate  was  inversely  proportional  to  the  titanium  content.  With  a  titanium 
concentration  higher  than  30  weight  percent,  the  oxidation  rate  was  lower  than  for 
foe  Cb-40Ti-10Cv  alloy. 

At  the  higher  titanium  concentration,  if  is  possible  to  introduce  more  alu¬ 
minum  into  solid  solution.  Two  compositions  were,  therefore,  tested  at  10  weight 
percent  aluminum  with  50  and  60  weight  percent  titanium.  The  results  in  Table  IX 
and  Figure  24  showed  that  these  compositions  were  the  most  oxidation  resistant  of 
the  series  at  1600  F,  experiencing  about  one-fourth  the  weight  loss  In  16  hours  of  the 
Cb-4GTi'10Cr  composition. 


TABLE  DC 


OXIDATION  OF  Cb-Al-Ti  ALLOYS 


Jpceimwi 

Nominal 

Composition 

Bating 

Worse  7 

1  to 

2  to 

4  to 

16  to 

Conaneats 

Bate  1 

ITTHI  13 

Cb-4AI-5T1 

3.74 

5.40 

14.70 

32.16 

Heavy  white  oxide,  film. 
Onplete  flake-off  on 
mcUmi.  Sharp  contra. 
Sated  poor  doe  to  oxide 
aepxratloti  and  weight 
(ala. 

7 

ITT  HI  39 

Cb-SAMOTi 

2.43 

3.02 

6.05 

0.11 

Tallow  jr  *  oxide. 

Slight  flnk^-off.  Slight 
tendency  to  spall  on 
comer.  Good. 

5 

m  m  34 

Cb-5A1-20T1 

1.42 

1.04 

2.64 

5.78 

Yellow  {rqr  oxide  film. 
.Slight  tendency  to  apell 
on  aherp  corners.  Mot 
completely  homogeneous. 
Preferential  oxide  build¬ 
up;  otherwise  good. 

4 

DTRI  35 

Cb-5A1-3UT1 

0.75 

0.04 

1.33 

2.02 

Yellow  gray  oxide  film. 

Very  light,  even  coet. 

Very  good  to  excellent. 

Low  weight  gain. 

3 

HTHI86 

Cb-lCAl-WTl 

1.45 

1.76 

0.48^ 

1.13 

Dark  tone  with  trace  of 
yellow  aside.  Slight 
glaze.  Weight  gain  ao 
low  that  open  pores  and 

weight  gate  to  be  erratic. 
Excellent. 

2 

1178137 

Cb-6Al"40Ti 

3.18(1) 

1.10 

1.66 

1.62 

Yellow  gray  oxide  film. 
Slight  whiakerlng. 

Spall  lag  on  Sharp  corners. 
Specim  en  not  hotnogencoua. 
Slightly  lean  than  gcod. 
Better  than  fair. 

6 

■ 

Cb-10A1-60T1 

l.S0<» 

0.32 

0.47 

1.0 

Bine  black  end  glazing. 

No  spalling.  Sharp 
corners.  Weight  gain 
for  1-hour  run.  Excellent. 

1.  Reerfta  are  net  represeteetlre  (not  need  in  failing  rig.  J4>. 
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FIGURE  24.  OXIDATION  RATE  OF  OOLUMBIUM,  ALUMINUM,  AND  TITANIUM 
SOLID  SOLUTIONS  AT  1600  F  IN  ADI 

(Soaie  of  the  erratic  weight  gain*  noted  ir  Table  IX  are  the  remit  of  tee  porosity 
and  perhaps  heterogeneity  of  tee  arc-melted  alloyu.  The  raises  seed  to  plot  Figure  24 
are  believed  to  be  the  most  reliable,  because  oxidation  was  uniform  and  free  of  small 
areas  of  excessive  attack  associated  with  aoaudformity  of  the  arc-melted  buttons. ) 

Oxidation  Behavior  of  Cb-Tl-Cr-Al  Alloys 

A  series  of  solid  solutions  based  on  Cb-27. 0  wt  %  Ti-7. 3  wt  %  Cr-5  wt  %  al. 
were  prepared  by  arc-melting.  Metailograpfcic  examination  showed  them  to  be 
homogenous  solid  solutions.  They  were  then  tested  fo”  ovidatioo  resistance  in  air  at 
1600,  1800,  2000,  2200,  and  2400  F  for  times  sufficient  to  characterise  oxidation 
rates.  These  data  are  shown  la  Figures  25  through  2?  with  weight  gain*  plotted 
aj.teiast  a  linear  time  scale.  The  weight  galas  represent  tee  weight  of  tea  specimens 
plus  any  loose  oxide  which  spelled  from  the  specimen  surface. 
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RE  25.  OXIDATION  RATE  OF  COLUMBIUM-TITANIUM-CHROMIUM 
ALUMINUM  ALLOY;  One-Hour  Cycles  at  1600  to  2400  F 


FIGURE  26.  OXIDATION  RATE  OF  COLl^MBIUM-TITANIUM-CHROMIUM 
ALLOY ;  One-Hour  Cycles  at  1600  to  2400  F 


A  Cb-IT.8Ti-T.tCr  ttnmfi 
□  Cb-fT.OYt-T.  tmnmfi 
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FIGURE  28.  OXIDATION  RATE  VERSUS  TEMPERATURE  CF  CQLUMBIUM 
ALLOYS  FOR  FIRST  ONE-HOUR  CYCLE 


After  the  first  one -hour  cycle,  all  specimens  showed  a  progressive  increase 
in  weight  gain  with  temperature,  but  with  subsequent  cycles,  the  two  alloys  containing 
chromium  exhibited  a  weight  loss  at  2400  F.  This- loss  was  attributed  to  the  formation 
of  a  volatile  oxide  and  possibly  indicated  that  at  lower  temperatures  the  true  oxidation 
rate  was  masked,  to  some  extent,  by  this  reaction. 

Figure  28  shows  that  similar  oxidation  rates  for  the  first  one-hour  cycle  were 
experienced  with  all  three  alleys  for  temperatures  up  to  2000  F.  Above  this  tempera¬ 
ture,  deviations  in  observed  weight  gains  occurred  which  were  probably  partly  due  to 
the  formation  of  a  volatile  oxide  species.  However,  from  visual  examination,  the 
Cb-Ti-Cr-Al  alloy  had  the  best  oxidation  resistance,  retaining  sharp  corners  after 
four  hours  at  2400  F.  In  addition,  total  weight  losses  at  2400  F,  after  removal  of  all 
surface  oxide,  were  higher  by  &  factor  of  4  in  the  case  of  the  Cb-Ti-Al  alloy. 


Oxidation  of 


A  sanies  of  oohnnUnm-base  alloys  containing  beryllium  was  prepared  to  de¬ 
termine  the  contribution  of  this  element  to  the  oxidation  resistance  of  binary  and 
ternary  cohunbium  alloys 

Sis  alloys  containing  19  to  one  weight  percent  beryllium  were  prepared  by 
arc  melting.  Oxidation  test  results  at  1600  F  axe  presented  in  Table  X. 

When  compared  to  similar  alloys  containing  equivalent  atomic  percentages 
of  aluminum,  these  results  indicated  that  beryllium  was  less  affective  in  improving 
oxidation  resistance.  Also,  additions  of  0. 25,  0. 5,  and  1. 0  weight  percent  beryllium 
to  pure  cohunbium  bad  an  adverse  effect  on  oxidation  behavior. 

TABLE  X 

OXIDATION  AT  1600  F  IN  AIR  OF  SOME  BERYLLIUM-CONTAINING 

COLUMBTHM  ALLOYS 


Alloy 

Nominal  Composition 

Weight  Increase 

9 

png/cm  ) 

Number 

(wt  %) 

1  Hour 

2  Hours 

Comments 

— 

Cb 

41.50 

57.00 

Be-1 

Cb-0.25Be 

42.41 

66.63 

Rapid  oxidation  -  loose 
flaky  oxide 

Be-2 

Cb-0. 50Be 

47.70 

56. 81 

More  rapid  oxidation  - 
ojr’de  spalling  loss 

Be-3 

Cb-l.OOBe 

51.15 

69.25 

Thick  loose  oxide 

Be-4 

Cb-5.G9A1 

19.84 

40.31 

Loose  flaky  oxide 

Be-5 

Cb-10. 3T1-0.  l;Be 

4.92 

3.31 

Good  corners  and  sur¬ 
face 

Be-6 

Cb-30. 00Ti-0o  5  Be 

8.43 

9.76 

Porosity  cause  of  high 
weight  gain 

Be-7 

Cb-30.  OTi-5. 0A1-10.  OCr 

Porosity 

2.28 

1.35 

Excellent,  sharp 
corners 

Be-8 

Cb-30.  OTi--1 0.  OCr-0. 5Be 

Porosity 

Porosity 

Extensive  porosity 

i 

Discussion  of  Sshlsyers 

Oxidation  data  were  generated  for  a  number  of  commercial  coJamMum  alloy 
substrates,  and  compared  with  potential  ductile  sublayers  from  the  systems: 

•  Cb-V-Cr 

•  Cb-Ti-V-Cr 

•  Cb-Ti-Mo 

•  Cb-Ti-W 

•  Cb-Ti-Cr 

•  Cb-Ti-Al 

•  Cb-Ti-Cr~Al 

•  Beryllium -containing  columbium  alloys 

A  marked  improvement  in  the  oxidation  resistance  of  columbium  metal  at 
1600  F  can  be  effected  by  alloying;  however,  as  can  be  seen  in  the  summary  presenta¬ 
tion  of  oxidation  data  for  the  most  oxidation  resistant  alloy  in  each  system  (Fig.  29), 
fee  oxidation  rates  are  relatively  high  even  at  this  low  temperature.  At  the  projected 
use  temperature  of  columbium  alloys,  2200  F  or  higher,  the  oxidation  rates  are  suf¬ 
ficiently  high  to  consume  a  0. 001-inch  sublayer  in  less  than  one  hour.  The  ductile- 
sublayer  approach  based  on  surface  modification  of  columbium  does  not  have  the  poten¬ 
tial  for  providing  short-time  protection  in  the  event  of  catastrophic  impact  damage  to 
a  brittle  protective  aluminide  or  silicide. 

The  more  oxidation-resistant  modifier  alloys  appear  to  offer  the  greatest 
promise  in  minimizing  severe  oxidation  at  the  base  of  craze  cracks  during  heatup  and 
cooldown  of  coated  alloys.  The  oxidation  at  the  base  of  this  crack  will  only  be  severe 
as  the  temperature  is  reduced  to  between  800  and  1800  F,  where  the  thermal  strains 
are  sufficiently  high  to  open  the  crack. 

The  most  oxidation-resistant  columbium  alloys  were  in  the  Cb-Ti-Cr  and 
Cb-Ti-Al  systems.  Unfortunately,  the  most  resistant  alloys  occurred  at  high  titanium 
contents  (27  to  60  weight  percent)  which,  as  discussed  in  other  sections  of  this  report, 
disturb  the  oxide  and  carbide  dispersoid  stability  in  precipitation-strengthened  alloys 
(interstitial  sink  effect)  and  develop  the  highest  expansion  silicides  and  aluminides. 
Alloys  of  Cb-V-Cr  and  Cb-Mo-Ti  are  less  oxidation  resistant  than  the  Cb-Ti-Cr  alloys, 
but  offer  a  better  silicide  and  aluminide  expansion  match  and  have  less  effect  on 
dispersoid  stability.  They  appear  to  be  the  better  selection  for  overall  sublayer  per¬ 
formance. 
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Cb-25.5  Tl-12. 7Mo 

~Cb-20Ti-8.3V-7.2Cr 
— D31  (Cb-10Ti-10Ato-o.  1C)  : 
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•most  probable  VALUES 


•Cb-27Ti-7.3Cr-5.< 
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“  Cb-40Ti-5Al 
-  Cb-60Ti-i0A2 
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RE29*  resistant  ductile 


P  Wd  in  a  prictI^  thickness  of  0. 001  i„oh  to  OXidation  distance,  11 

without  a  suicide  or  aluminide  overlay,  the’  *  °I‘e'h0Ur  Iife  *  22< 

Performance  of  the  alumiulde  and  slliolde  at  both  ll  e!emente  ™  th 

a&  y  have  to  weighed  far  more  heavily  than  ^  temperatures  will  F 

ductile  sublayers.  *  ^  OXfdatioD  resistance  per  se  of  the 
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3, 2. 2  Thermal  Expansion  of  Sublayers  \ 

The  concept  of  effective  ductility  was  predicated  upon  the  development  of  a 
hvo -component  coating.  That  is,  a  sublayer  of  moderate  oxidation  resistance  and 
moderate  ductility,  and  an  overlay  of  an  oxidation-resistant,  but  hard  and  brittle 
substance.  The  sublayer  would  primarily  consist  of  a  solid  solution  alloy  with  pos¬ 
sible  dispersed  phases  of  chromides  or  other  inlermetallics.  The  expansion  match 
of  the  sublayer  was  never  considered  a  critical  problem  because  of  its  inherent  ductility, 
and  ideally  would  have  a  thermal  expansion  intermediate  between  that  of  the  substrate 
and  of  the  outer  oxidation-resistant  layer. 

To  avoid  the  extensive  investigation  of  the  potentially  ductile  sublayers,  only 
binary  alloys  that  had  potential  use  for  surface  alloying  were  investigated.  Systems 
included  were  oinaries  of  Ti-Mo,  Ti-W,  V-Cr,  and  Ti-Cr. 

The  specimens  were  prepared  by  arc  melting  the  specific  composition  in  a 
nonconsumable  arc  melter.  The  specimens  were  then  annealed  at  2200  F  for  16  hours. 
After  this  treatment,  specimens  approximately  1  to  1.5  inches  long  by  0.25  inch  square 
were  eloxed  from  the  arc  melt.  The  coefficient  of  expansion  was  measured  in  argon 
using  a  Gaertner  D-1200  quartz  tube  dilatometer.  Measurements  were  made  between 
100  and  1800  F.  If  the  expansion  was  uniform  over  this  entire  temperature  range, 
the  expansion  coefficient  was  reported  as  constant.  Otherwise,  an  instantaneous  ex¬ 
pansion  coefficient  was  determined  at  400  and  at  1800  F. 

The  thermal  expansion  coefficients  on  the  binary  alleys  are  shown  in  Table  XI. 
As  would  be  expected,  the  alloys  high  in  molybdenum  and  tungsten  had  the  lowest  ex¬ 
pansion.  The  alloys  high  in  chromium,  vanadium,  and  titanium  showed  higher  co¬ 
efficients  of  expansion.  With  few  exceptions,  the  coefficient  of  expansion  of  the  binary 
alloys  studied  varied  quite  rapidly  with  increase  in  temperature.  Only  the  approxi¬ 
mately  50Ti-50Mo  alloy  and  the  Ti-77Cr  alloy  had  a  constant  coefficient  over  the  entire 
test  range. 

The  comparison  of  the  V-Cr  and  the  Ti-Cr  alloys  are  of  interest.  The  V-Cr 
alloys  had  markedly  lower  coefficients  of  expansion  at  400  F;  whereas,  at  1800  F  the 
difference  was  relatively  minor,  with  Ti-Cr  perhaps  having  the  lower  coefficient  of 
expansion.  A  true  comparison  of  the  Ti-Cr  and  the  V-Cr  systems  is  quite  difficult, 
particularly  in  the  alloys  containing  relatively  high  percentages  of  titanium.  The 
eutectoid  transformation  at  670  C  involves  an  expansion  in  going  from  the  alpha  to 


beta  phase.  This  expansion  (Fig.  30)  shows  the  expansion  of  both  a  high  and  low 
titanium  Ti-Cr  alloy.  Examination  of  the  Ti-Cr  phase  diagram  shows  that  contraction 
should  occur  above  670  C  as  a  result  of  dissolution  of  TiCr2  in  beta.  Thus,  the 
decretae  in  expansion  with  temperature  may,  in  part,  be  due  to  this  dissolution 
process.  At  the  higher  chromium  content,  the  alloys  are  essentially  all  beta  and  the 
dissolution  reaction  and  eutectold  transformation  do  not  occur.  One  advantage  that 
can  be  noted  for  the  V-Cr  system  over  the  Ti-Cr  system  would  be  the  lack  of  Laves 
phase  formation,  which  would  minimize  the  thermal  stresses  that  could  develop  in  the 
dissolution  of  the  MCr2  Laves  phase.  Vanadium,  forming  solid  solutions  with  both 
columbium  and  chromium,  should  minimize  the  formation  of  Laves  phases  and  hence 
the  problem  of  dissolution. 


TABLE  XI 

THERMAL  EXPANSION  OF  BINARY  ALLOYS 


Alloy  Composition 
(at.  %) 

Coefficient  of  Expansion/Degree  F  x  106 

490  F 

Constant 

1800  F 

52.9T1-47.  IMo 

4.95 

79.0Ti-21.0Mo 

4.02 

5.36 

36.6Ti-43.4W 

3.59 

5.87 

81. 3T1-18. 7W 

3.85 

5.84 

22. 7V-77. 3Cr 

4.85 

7.93 

55. 3V-44. 7Cr 

5.69 

7.05 

83. 2V-16. 8Cr 

4. 98 

8.26 

23.  OTi-77.  OCr*1* 

7.78 

71.6Ti-28.4Cr(1) 

5.45 

5.73 

B66  alloy 
D43  alloy 

1.  See  Figure  30. 
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3.2.3  Interdlffusion  Barrier 

Pre  alloyed  sublayers  such  as  tile  Cb-Ti-Cr  alloys  lnterdlffose  with  fee  cohun- 
bium  alloy  as  well  as  with  the  primary  oxidation  barrier,  loterdiffusion  with  lie 
oolumbium  alloy  has  several  adverse  effects: 

•  Loss  of  mechanical  properties  of  the  oolumbium  alloy  by  alloying  (e.g. , 
Cb-Ti  alloys  are  weak)  or  by  the  interstitial  sink  effect  (Rat,  7) 

•  Loss  of  oxidation-resistant  sublayer  by  diffusion 

•  Introduction  of  increasing  amounts  of  undersirabte  oolumbium  into  the 
primary  barrier 

Because  such  effects  would  be  undesirable  with  any  prealloyed  sublayer,  diffusion 
barriers  were  studied  as  one  way  to  separate  the  oolumbium  a'loy  from  the  coating 
system. 

Development  of  Diffusion  Barrier  for  Cb-Ti-Cr  Subla  yer 

To  determine  the  magnitude  of  the  problem,  diffusion  couples  of  Cb752,  B66, 
and  D43  alloys  versus  Ti-33Cr  foil  were  run  for  100  hours  at  2400  F.  The  results 
were  compared  to  diffusion  couples  with  a  diffusion  barrier  between  the  oolumbium 
alloys  and  the  Ti-33Cr  foil.  The  objective  of  this  study  was  to  find  some  way  of 
avoiding  the  rapid  chromium  and  titanium  diffusion  from  the  (Ti-Cr)-Si  coating  into  the 
columbiam  alloy  substrates  and  thereby  avoid  the  accompanying  loss  of  mechanical 
properties.  Figure  31  shows  Cb752,  D43,  and  B66  alloys  wife  tantalum,  molybdenum, 
and  tungsten,  respectively,  as  diffusion  barriers.  Also  shown  in  Figure  31  are  fee 
oolumbium  alloys  in  direct  contact  with  the  Ti-33Cr  foil  without  any  diffusion  barrier 
for  use  as  standards. 

The  results  of  this  study  are  contained  in  Table  XII .  Residual  thicknesses  of 
fee  oolumbium  alloys  after  100  hours  at  2400  F  are  listed;  under  DLlusion  Zone,  data 
tore  included  for  decreased  thickness  of  the  oolumbium  alloy  plus  fee  thickness  of  the 
diffusion  barrier,  if  the  latter  is  completely  dissolved.  Mev  llography  was  used  to 
estimate  the  extent  of  diffusion. 

Vanadium  was  in  one  case  tested  as  the  diffusion  barrier  for  fee  Cb752  alloy, 
but  fee  lute  rdif  fusion  between  the  oolumbium  alloy  and  pure  vanadium  is  apparently 
so  much  faster  than  the  diffusion  with  any  of  the  above  mentioned  diffusion  barriers 
that  vanadium  was  excluded. 
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Annealed  for  100  Hours  at  2400  F  In  Argon 
Magnification:  150X 

FIGURE  31.  DIFFUSION  COUPLES  OF  Cb752,  D43,  AND  B66  VERSUS  Ti-33Cr 
WITH  DIFFUSION  BARRIERS  OF  TANTALUM,  MOLYBDENUM, 
AND  TUNGSTEN  (Sheet  1  of  2) 
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Magnification:  U8X 

FIGURE  31.  DIFFUSION  COUPLES  OF  0)752,  1)43,  AND  B66  VERSUS  Ti-33Cr 
WITH  DIFFUSION  BARRIERS  OF  TANTALUM,  MOLYBDENUM, 
AND  TUNGSTEN  (Sheet  2  of  2) 


TABLE  XII 


DIFFUSION  STUDIES  OF  COLUMBIUM  ALLOYS  VERSUS  Ti-33Cr  FOUL  WITH 
DIFFUSION  BARRIE  1?  OF  TANTALUM,  MOLYBDENUM ,  AND  TUNGSTEN 

ANNEALED  100  HOURS  2400  F 


Material 

Thickness 
of  Cb752 

(in*) 

Diffusion 

Zone 

(in.) 

Thickness 
of  IMS 

(in.) 

Diffusion 

Zone 

(in.) 

Thickness 
of  B86 

(in.) 

Diffusion 

Zone 

On.) 

As  Received 

0. 0126 

— 

0.0119 

- 

0. 0135 

— 

No  diffusion 
barrier 

0. 0004 

0.  0032 

0. 0091 

0.0028 

0. 0103 

0.0032 

Tantalum  as 
diffusion  barrier 

0. 0110 

0.0024 

0. 0103 

0. 0024 

o.  one 

0.0025 

Molybdenum  as 
diffusion  barrier 

0.0123 

0. 0010 

0.0117 

0.0009 

0. 0130 

0.0012 

l 

Tungsten  as 
diffusion  barrier 

Q,  0126 

<0. 0002 

0.0119 

0. 0.30 

0.0015 

Table  XII  indicated  tungsten  as  an  excellent  diffusion  barrier  for  the  Cb75? 
and  D43  alloys.  For  the  B66  alloy,  however,  tungsten  was  inferior  to  molybdenum. 
Molybdenum  was,  aside  from  being  the  best  diffusio  n  barrier  for  B66,  also  a  fairly 
good  barrier  for  tbe  Cb752  and  D43  allays.  Tho  diffusion  zone  with  molybdenum  as 
the  diffusion  bariier  was  about  one-third  of  <  0-  diffusion  zoi.e  of  the  unprotected  alloy 
for  all  three  columbium  alloys. 

Tantalum  afforded  a  slight  decrease  in  diffusion  rate  over  the  substrate  alloy 
compared  to  the  unprotected  alloys.  However,  molybdenum  was  from  2  to  2. 5  times 
better  than  tantalum. 

Ti  was  concluded  from  these  diffusion  experiments  that  tungsten  was  the  best 
diffusion  harrier  for  the  Cb752  and  D43  alloys,  while  molybdenum  was  besf  for  the 
B66  alloy.  The  difference  between  molybdenum  and  tungsten  decreases  when  the 
weight  penalty  of  using  tungsten  is  taken  into  account.  Tungsten  is  2.25  times  heavier 
than  columbium,  while  molybdenum  was  only  about  1.2  times  heavier  than  columbium. 
This  made  molybdenum  superior  for  use  with  E66,  but  tungsten  was  still  the  best  of 
the  two  as  a  diffusion  barrier  for  the  Cb752  and  D43  alloys.  To  get  a  rough  numerical 
rating  of  the  three  diffusion  barriers,  the  following  approach  was  adopted. 

Tungsten,  0. 0002  inch  thick,  is  neoassary  to  protect  the  Cb752  alloy  when 
annealed  100  hours  at  2400  F.  The  same  effect  could  be  achieved  by  increasing  the 
thickness  of  the  Cb752  foil  by  0. 0032  inch.  The  weight  ratio  between  the  two  possi¬ 


bilities  is: 


p  0.097  x  0,0002  -  .. 

W  0.326  x  0.0032 


The  value  (0. 14)  establishes  tungsten  as  a  more  desirable  barrier  than  could 
be  obtained  by  increasing  the  thickness  of  the  Cb752  foil. 

In  the  case  of  molybdenum,  the  entire  0.  0007 -inch  foil  was  consumed  in 
addition  io  0.  0003  inch  of  the  Cb752  foil.  In  this  ca3e,  the  weight  of  the  two  consumed 
materials  was  compared  tc  the  weight  of  the  necessary  amount  cf  Cb752  alloy. 

p  =  0.  0007  x  0.  369  +  0.  0003  x  0,  3IS  „ . 

*Mo  0.  0032  x  0.  326  * 


This  value  was  not  quite  accurate,  because  the  0. 003-inch  Cb752  alloy  may 
be  substituted  by  &  smaller  amount  of  molybdenum  which  may  decrease  the  weight  of 
the  protective  barrier  and  consequently  the  weight  value.  However,  this  decrease 
would  not  lead  to  any  major  change,  so  the  approach  outlined  above  was  believed  to 
give  satisfactory  results. 

it  was  concluded  from  the  weight  ratios  in  Table  xm  that  tungsten  was  the 
best  metal  for  use  as  a  diffusion  barrier  for  the  Cb752  and  D43  alloys,  but  molyb¬ 
denum  was  also  highly  acceptable  as  a  diffusion  barrier  for  these  alloys.  The  supe¬ 
riority  of  molybdenum  for  use  with  the  B66  alloy  is  clearly  illustrated  in  the  table. 

Tantalum  did  not  offer  any  advantage  for  use  as  a  diffusion  barrier  for  any  of 
the  columbium  alloys  Investigated. 


TABLE  XIH 

WEIGHT  RATIOS  OF  POSSIBLE  DIFFUSION  BARRIERS  FOR  100  HOURS 

PROTECTION  AT  2400  F 


Good  oxidation  resistance  for  a  sublayer  was  found  in  the  Cb-Ti-Mo, 
Cb-Ti-W,  and,  to  a  lesser  extent,  in  the  Cb-V-Cr  systems.  The  diffusion  barrier 
study  was  therefore  extended  to  these  systems.  Table  XIV  shows  the  binary  alloys 
investigated. 

A  diffusion  cycle  of  100  hours  at  2200  F  was  employed.  Photomicrographs  of 
the  diffusion  couples  are  shown  in  Figures  32  through  37.  The  photomicrographs  show 
that  the  diffusion,  as  measured  by  the  amount  of  the  columbium  alloys  transferred  into 
a  solid  solution  with  the  binary  alloy,  is  considerably  retarded  by  substituting  tungsten 
and  molybdenum  for  chromium.  At  the  same  time,  an  increase  in  titanium  content 
increases  the  diffusion  zone  into  the  columbium  alloys. 


TABLE  XIV 


NOMINAL  COMPOSITION  OF  THE  BINARY  ALLOYS  USED  IN  THE 

DIFFUSION  STUDIES 


Number 

- 3 

Composition 
(at.  %) 

Composition 

(wt%) 

1-A 

52. 9Ti-47.1Mo 

36.0Ti-64.0Mo 

2-A 

79.  OTi-21.  OMo 

65. 3T1-34. 7Mo 

3-A 

56. 6Ti-43.4W 

25. 4Ti-74. 6W 

4-A 

81.3Ti-18.7W 

53. 2TI-46.  8W 

5-A 

71. 6Ti-28. 4Cr 

69. 9Ti-30.  OCr 

5-A 

48.lTi-51.9Cr 

46. 3Ti-53. 7Cr 

7-A 

23.  OTi-77.  OCr 

21.7Ti-78. 4Cr 

8-A 

55.  3V-44. 7Cr 

54.  8V-45.  lCr 

9-A 

83. 2V-16. 8Cr 

82. 9V-17.  ICr 

10-A 

22.  7V-77. 3Cr 

22. 4V-77. 7Cr 

The  combination  of  titanium  and  chromium  seems  to  be  especially  harmful 
in  respect  to  diffusion.  This  is  in  accordance  with  melting  point  considerations.  All 
the  titanium/chromium  alloys  have  melting  points  around  2550  F.  The  titanium/tungsten 
and  the  titanium/molybdenum  alloys  used  in  this  investigation  have  melting  points 
well  above  3200  F. 

The  photomicrographs  also  indicate  that  titanium  is  the  fastest  diffusing 
species  in  these  alloys.  The  low-chromium  alloy,  71. 6Ti-28.4Cr,  shown  in 
Figures  35,  36,  and  37  was  a  homogeneous  alloy.  The  48.  lTi-51.9Cr  alloy,  on  the 
other  hand,  consisted  of  about  equal  amounts  of  the  Laves  phase,  TiCr^,  and  an  alloy 
of  65Ti-35Cr.  The  high  chromium-containing  alloy,  23Ti-77Cr,  shown  in  Figures  35, 

36  and  37  had  a  low-titanium  (10Ti-90Cr)  alloy  in  equilibrium  with  the  Laves  phase. 


A.  Ti/Mo-Cb752 


70.0Ti-21.0Mo 


52.9Ti-47.lMo 


81.3Ti-18.7W 


B.  Ti/W  -  Cb752 
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Annealed  for  100  Hours  at  2200  F 
Magnification:  250X 

FIGURE  32.  DIFFUSION  COUPLES  OF  Cb752  VERSUS  TITANIUM-MOLYBDENUM 
AND  TITANIUM-TUNGSTEN  ALLOYS 
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A.  Tl/Mo  -  B66 


-  81.3Ti-18.7W  56.6TI-43.4W 

Annealed  for  100  Hours  at  2200  F 
Magnification:  250X 

|  FIGURE  33.  DIFFUSION  COUPLES  OF  B66  VERSUS  TITANIUM-MOLYBDENUM 

I  AND  TITANIUM-TUNGSTEN  ALLOYS 
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81.3Ti-18.7W  56.6Ti-43.4W 

Annealed  for  100  Hours  at  2200  F 
Magnification:  250X 

FIGURE  34.  DIFFUSION  COUPLES  OF  D43  VERSUS  TITANIUM -MOLYBDENUM 
AND  TITANIUM-TUNGSTEN  ALLOYS 
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B.  V/Cr  -  Cb752 


Annealed  100  Hours  at  2200  F 
Magnification:  250X 


FIGURE  35.  DIFFUSION  COUPLES  OF  Cb752  VERSUS  TITANIUM-CHROMIUM 
AND  VANADIUM-CHROMIUM  ALLOYS 


To  compare  diffusion  rates  in  the  various  alloys,  the  amount  of  dissolved 
columbium  alloy  is  tabulated  in  Table  XV  for  the  diffusion  oouplee  shown  in  Figures  32 
through  37. 

TABLE  XV 

'  A 

DIFFUSION  PENETRATION  INTO  COLUMBIUM  ALLOYS  AFTER 

100  HOURS  AT  2200  F 

*  " 


Composition 
(fit.  %) 

Penetration  in  inches  into 

Cb752 

BS6 

V 

1)43 

56.6Ti-43.4W 

0 

0. 0001 

1,  1 

0 

81.  3T1-18.7W 

0. 0011 

0.0012  \ 

*  0.0005 

52. 9Ti-47.  IMo 

0 

0. 0002 

0 

79.0Ti-21.0Mo 

0. 0007 

0. 0010 

0. 0005 

23.0Ti-77.0Cr 

0 

0. 0003 

0. 0001 

48.  lTi-51. 9Cr 

0. 0011 

0. 0015 

>  0. 0015 

71.6T1-28. 4Cr 

0.0037 

0. 0041 

0. 0027 

The  photomicrographs  also  indicated  the  influence  of  the  binary  alloys  on  the 
columbium  alloy  substrates.  It  was  particularly  interesting  to  cote  how  the  chromium 
alloys  contaminated  the  substrates.  The  chromium  used  in  this  study  contained  about 
0. 5  percent  oxygen.  The  oxygen  diffused  into  the  columbium  alloys  and  prevented 
grain  growth.  When  chromium  was  replaced  with  tungsten  and  molybdenum,  the 
columbium  alloys  exhibited  a  much  cleaner  structure  with  large  grains. 

The  rate  of  chromium  diffusion  in  the  Ti-Cr-Si  coating  was  believed  to  be 
accelerated  by  the  rapid  diffusion  of  titanium  which  apparently  increased  the  solubility 
of  chromium  in  columbium.  By  replacing  titanium  with  the  slower  diffusing  vanadium, 
retention  of  useful  mechanical  properties  of  the  substrate  could  possibly  be  accom¬ 
plished  for  a  longer  period  of  time. 

Diffusion  couples  of  Cb752,  B66,  and  IMS  alloys  versus  binary  alloys  of 
vanadiom/cl  romium  were  run  for  100  hours  at  2200  F.  Compositions  of  the  binary 
alloys  arc  shown  in  Table  XIV.  Micrographs  of  the  diffusion  couples  art/  shown  in 
Figures  30  through  37. 
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Except  for  one  case,  there  is  no  measurable  diffusion  zone  into  any  of  the 
columbium  alloys  after  100  hours  at  2200  F.  Thus,  it  must  be  concluded  that  vanadium 
retards  the  overall  diffusion  into  the  columbium  alloys.  This  holds  for  all  the  vanadium/ 
chromium  alloys  independent  of  the  vanadium  concentration.  The  cmly  case  where  a 
,  narrow  diffusion  zone  possibly  can  be  observed  is  in  the  D43  alloy  in  contact  with  the 

83. 2V-17. 3Cr  alloy. 

An  interesting  feature  is  the  effect  of  the  vanadium/chromium  alloys  on  the 
microsf  ructure  of  the  columbium  substrate.  Because  of  the  high  oxygen  concentration 
of  the  chromium  and  hie  vanadium,  the  contamination  of  the  columbium  alloys  is  signifi¬ 
cant.  Figure  37B  shows  clearly  the  tendency  of  oxides  to  precipitate  in  the  grain 
boundaries  in  D43  alloy. 

3.2.4  Effect  of  Sublayer  on  Mechanical  Properties 

The  interstitial  sink  effect  has  been  discussed  in  relation  to  the  effect  of  the 
(Ti-Cr)-Si  coating  on  the  properties  of  duplex  heat-treated  D43  alloy  (para.  3.1.1  and 
Ref.  6  and  7).  Briefly,  this  effect  arises  when  the  partial  molal  free  energy  of  an  inter- 
.  stitial  element  in  solution  is  lower  in  the  coating  composition  than  in  the  columbium  alloy. 

Loss  of  interstitial  element  X  to  the  coating  causes  solution  of  the  interstitial  compound' 

*  ZrX  (or  HfX)  and  loss  of  strength  of  the  columbium  alloy.  Thermochemical  calculations 

were  made  to  predict  which  elements  could  be  tolerated  in  the  prealloyed  sublayer  and 
which  elements  would  act  as  interstitial  sinks.  These  calculations  predicted  that 
tantalum  and  titanium  would  provide  sinks  for  carbon-containing  alloys  such  as  D43,  but 
only  titanium  would  be  a  sink  for  alloys  with  a  predominant  oxide  dispersion,  such  as  the 
Zr02  in  Cb752  (see  Figures  6  and  7).  The  effect  of  this  sink  is  known  to  be  most  marked 
for  alloys  in  the  duplex  heat-treated  condition,  and  is  more  marked  on  elevated  tempera¬ 
ture  properties  than  on  room  temperature  properties  since  dispersions  contribute  more 
to  high-temperature  strengths . 

A  series  of  experiments  was  conducted  to  determine  the  individual  effects  of 
titanium,  tantalum,  tungsten,  and  molybdenum.  Foils  0.  001  inch  thick  of  each  element 
were  bonded  to  0. 012-inch  columbium  alloy  test  specimens.  Th6  Cb752  and  B66  alloys 
were  stress  relieved;  whereas,  the  D43  alloy  had  been  given  the  duplex  heat  treatment. 
The  composite  specimens  were  annealed  for  15  hours  in  gettered  argon  at  2400  F.  After 
annealing,  the  foils  were  ground  off  and  the  columbium  substrates  were  tensile  tested  at 
2200  F.  Tables  XVI  and  XVII  Rhow  that  titamum  and  tantalum  cause  loss  of  strength  of 
carbon-strengthened  D43  alloy  in  the  duplex  heat-treated  condition,  as  predicted. 
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TABUS  XVI 


ULTIMATE  TENSILE  STRENGTH  AT  2200  F 


Metal  Bonded  to 
Colmnbium  alloys 

Cb752 

0®i) 

BOO 

(tel) 

DM 

m) 

Unooated 

31 

40 

22 

Titanium 

30 

30 

20 

Tungsten 

30 

40 

-  31 

Molybdenum 

34 

38 

32 

Tantalum 

29 

37 

22 

TABLE  XVTT 

ELONGATION  AT  2200  F 


Metal  Bonded  to 
Columbium  alloys 

Cb?52 

(%) 

nod 

1700 

(%) 

D43 

Uncoated 

55 

20 

20 

Titanium 

20 

30 

30 

Tungsten 

10 

No  data 

• 

13 

Molybdenum 

10 

30 

10 

Tantalum 

35 

25 

_ 

20 

A  second  t  ariea  of  experiments  was  undertaken  to  compare  D43  (carbon 
strengthened)  and  Cb752  (predominantly  oxide  dispersion)  alloys  in  the  duplex  heat- 
treated  condition.  Tim  same  experimental  procedure  was  used  except  that  annealing 
was  performed  in  a  vacuum  of  10~6  Torr  for  15  hour*  at  2400  F.  Alter  annealing,  the 
diffusion-bonded  foils  were  removed  by  grinding  and  tensile  tests  were  performed,  ft t 
the  case  of  titanium-coated  alloys ,  the  diffusion  sons  was  extensive  ar.J  complete 
removal  was  not  achieved  in  every  esse. 
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Tables  XVm  and  XIX  show  the  effect  of  these  anneals  on  duplex  processed 
Cb752  and  D43  alloys.  In  agreement  with  predictions,  only  titanium  caused  loss  of 
strength  of  the  duplex  processed  Cb752  alloy.  These  calculations  are  presented  in  a 
different  form  in  Table  XX  where  the  partition  between  pure  columbium  and  four 
elements  is  presented  for  a  temperature  of  150C  K, 

The  difference  in  behavior  of  tantalum  in  the  two  cases  is  in  line  with  predic¬ 
tions.  Analysis  of  the  D43  alloy  after  removal  of  the  tantalum  confirmed  that  this 
element  was  a  sink  for  carbon. 

•  D43  -  a3  received,  900  ppm  carbon 

•  D43  -  after  anneal  in  contact  with  tantalum,  106  ppm  carbon 

It  can  oe  concluded  that  the  thermodynamic  calculations  are  reliable,  therefore, 
and  can  be  used  to  examine  problems  with  other  alloys  and  other  coating  elements. 

The  columbium  alloy,  Cbl32M,  was  being  considered  for  coating  work  for  eventual  use 
in  gas  turbines.  This  alloy  contains  carbon  so  that  a  potential  problem  was  thought  to 
exist.  The  effect  of  titanium  on  this  alloy  was  studied  by  metallography. 

A  diffusion  couple  was  made  by  sandwiching  a  0. 010 -in oh  thick  foil  of  titanium 
between  1/32-inch  thick  pieces  of  Cbl32M  alloy.  The  couple  was  subsequently  annealed 
at  2400  F  for  5  hours. 

Microstructures  of  as-received  (extruded),  as-diffusion-bonded,  and  diffusion- 
bonded  and  annealed  materials  are  shown  in  Figures  38  through  40. 

After  annealing,  most  of  the  fine  carbide  precipitate  in  the  columbium  alloy 
was  removed  and  massive  carbides  were  formed  in  the  titanium.  Some  giain  growth 
occurred  in  the  Cbl32M  alloy  and  the  diamond  pyramid  hardness  dropped  from  315 
(as-received)  to  275.  Considerable  interdiffusion  of  columbium  and  titanium  occurred, 
as  evidenced  by  migration  of  the  columbium  alloy/titanium  alloy  interface  into  the 
Cbl32M  alloy. 

The  high-temperature  creep  strength  properties  of  this  alloy  are  derived 
from  a  combination  of  high  solid  solution  alloying,  and  the  presence  of  finely  dispersed 
carbides  which  stabilize  dislocation  networks.  It  was  concluded,  therefore,  that 
coatings  high  in  titanium  content  would  have  a  serious  weakening  effect  on  the  high- 
temperature  mechanical  properties  of  this  alloy. 
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TABLE  XVIII 


STABILITY  OF  DUPLEX  HEAT-TREATED  Cb752  ALLOY 
AFTER  VARIOUS  ANNEALS 

Mechanical  Properties  at  2200  F  (0.050  inch/inch/minute) 


— 

Specimen  Condition 

Testa 

Yield'1* 

Strength 

(pel) 

Ultimate 

Tenaile 

Strength 

(P»i) 

KLongrtlan 

(%) 

A a  received 

Longitudinal  2 

28.200 

36,100 

28 

Transverse  4 

80,100 

33,800 

22 

Annealed  2400  F  15  hr 

Longitudinal  4 

28,200 

30,000 

30 

Transverse  2 

27,600 

34,700 

30 

Molybdenum  (oil  +  anneal 

Longitudinal  1 

28,000 

30,500 

86 

T_  — •'rse  3 

24,700 

30,900 

33 

Tantalum  foil  +  anneal 

Transverse  2 

28,000 

33,600 

18 

Titanium  foil  +  anneal 

Longitudinal  3 

21,300 

22,700 

26 

Transverse  2 

16,100 

23,400 

22 

No  neat  treat  +  anneal 

2 

- 

31,000 

55 

No  heat  treat  +  titanium 
foil  +  anneal 

2 

30,000 

20 

Cb752  Composition 

Heat  No.  52342 

Tungsten 

Zirconium 

Oxygen 

Carbon 

Nitrogen 

10.0  nominal 

2.5  nominal 

66  ppm  (80  ppm)*2* 

60  ppm  (65  ppm) 

78  ppm  (40  ppm) 

Heat  Treatment 

Solution  treated 

2800  F 

Reduction 

40% 

Aging 

2400  F 

1.  Thickness  0.012  inch. 

2.  Analyses  in  parentheses  were  made  on  0. 
0.050 -inch  sheet. 

012 -inch  sheets. 

Supplier's  analyses  were  made  on 
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TABLE  XIX 


STABILITY  OF  DUPLEX  HEAT-TREATED  D43  ALLOY 
AFTER  VARIOUS  ANNEALS 

Mechanical  Properties  at  220C  F  (0. 050  inch/inch/minute) 


Specimen  Condition 
(All  Transverse) 

Teats 

Yield 

Strength 

(psi) 

: 

Ultimate 

Tensile 

Strength 

(psi) 

Elongation 

<%) 

As  received 

2 

33,000 

Annealed  2400  F  -  15  hours 

4 

- 

Tungsten  foil  +  anneal 

2 

- 

31,000 

10 

Molybdenum  foil  +  anneal 

2 

- 

32,, 000 

10 

Tantalum  foil  +  anneal 

4 

16,600 

20,800 

20 

Titanium  foil  +  anneal 

2 

- 

20, 00C 

30 

Composition  (Heat  No.  283 

Tungsten 

2.6% 

Thickness  0.012  inch 

Zirconium 

Carbon 

0.08% 

860  ppm 

Heat  Treatment 

• 

Solution  treat 

3000  F 

Reduction 

25% 

Aging 

2600  F  - 

1  hour 

i 

TABLE  XX 

CALCULATED  PARTITION  OF  CARBON  AND  OXYGEN  AT  1500  K 


Metal  X 

|  Calculated  Carbon  (ppm) 

Calculated  Oxygen  (ppm) 

Cb 

X 

Cb 

X 

Molybdenum 

100 

<1 

100 

<1 

Tungsten 

100 

<1 

100 

<1 

Tantalum 

100 

£70 

100 

(10) 

Titanium 

100 

16,800 

100 

100,000 

Magnification:  250X 

FIGURE  38.  TRANSVERSE  AND  LONGITUDINAL  SECTIONS  OF  AG-RECEIVED 
Cbl32M  ALLOY 


Etched  for  Titanium  Magnification:  250X  Etched  for  Columblum  Alloy 

FIGURE  39.  AS-BONDED  Cbl32M-TITANIUM  DIFFUSION  COUPLE 
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FIGURE  40.  Cbl 32M-TIT ANIUM  ANNEALED  15  HOURS  AT  2400  F 

3.3  EVALUATION  OF  PRIMARY  OXIDATION  BARRIERS 

The  primary  oxidation  barriers  for  use  with  sublayers  are  silicides  and 
aluminides.  Silicides,  and  to  a  lesser  extent  aluminides,  are  the  most  oxidation- 
resistant  intermetallic  compounds  known  so  that  very  long  coating  lives  can  be 
predicted  if  oxidation  alone  determines  life.  Unfortunately,  other  factors  affect  the 
life  so  that  failure  generally  occurs  long  before  the  primary  barrier  has  been  com¬ 
pletely  oxidized.  The  difference  in  life  between  static  and  cyclic  oxidation  tests  may 
reach  a  ratio  as  high  as  10  to  1  (typically  3  to  1),  and  provides  an  illustration  of  the 
fact  that  life  is  controlled  by  other  than  the  conversion  of  the  primary  barrier  to  oxide. 
The  sublayer  concept  is  designed  to  avoid  failures  that  result  from  minor  cracks 
caused  by  thermal  strains.  One  purpose  of  the  work  described  in  this  section  was 
to  determine  the  properties  of  aluminides  and  silicides  in  order  to  design  coatings 
that  will  be  more  resistant  to  failure. 

To  assist  in  the  selection  of  potential  coating  systems,  the  oxidation  resistance 
and  coefficients  of  thermal  expansion  of  various  silicides  and  aluminides  were  deter¬ 
mined.  In  the  silicide  system,  properties  were  determined  on  both  the  M,-Si3  and  MSig 


silicides  and  in  the  aluminide  systems  on  MAI  and  MAlg  aluminides.  Studies  of 
silicides  were  concentrated  on  the  (V-Cr),  (V-Cr-Cb),  (Ti-Mo),  (Ti-Mo-Cb),  and 
(Ti-W)  and  (Ti-W-Cb)  systems,  with  the  (Ti-Cr)  and  (Ti-Cr-Cb)  systems  being  used 
as  controls.  The  aluminide  systems  were  not  as  clearly  defined  at  the  early  stages 
of  the  program,  but  the  work  tended  to  support  systems  containing  primarily  titanium, 
and  columbium  with  additives  such  as  chromium  and  molybdenum  and  tantalum. 

The  initial  basis  for  selection  of  the  (V-Cr)  modification  was  to  minimize  the 
interstitial  sink  effect  on  dispersion  strengthened  alloys  and  to  minimize  Laves  phase 
(MCr2)  formation  at  the  silicide-metal  interface.  The  (Ti-Mo)  or  (Ti-W)  systems 
were  selected  based  on  the  elimination  of  the  volatile  chromium  constituent  while 
introducing  a  replacement  element  that  had  far  superior  oxidation  resistance,  as  the 
disilicide,  compared  with  CrSi^. 

The  aluminide  composition  primarily  grew  out  of  the  desire  to  capitalize  on 
the  slight  ductility  of  the  tetragonal  TiAl  (gamma,  c/a  =  1. 02)  intermetallic  compound. 

3. 3. 1  Oxidation  of  the  MSi2  and  MgSig 

The  silicide  compositions  were  prepared  by  mixing  together  the  elemental 
powders,  cold  pressing  at  10, 000  psi,  and  triple  arc  melting  in  a  nonconsumable  arc 
furnace  using  a  copper  hearth  and  a  tungsten  cathode.  The  melting  atmosphere  was 
titanium-gettered  argon  at  a  pressure  varying  from  300  to  700  Torr.  After  melting, 
the  specimens  were  annealed  in  gettered  argon  at  2200  F  for  four  hours. 

The  specimens  for  oxidation  testing  were  cut  into  rectangular  parallelepipeds 
using  a  spark-cutting  technique  (Elox).  Size  was  quite  varied,  but  0. 25  by  0. 25  by  0. 50 
inch  was  the  size  objective. 

Specimens  were  tested  at  1500  and  2400  F.  The  lower  temperature  was 
chosen  to  investigate  pest-type  attack  and  was  based  on  the  thought  that  although  pest 
attack  may  be  more  likely  to  occur  at  1200  to  1400  F  for  certain  silicides,  it  is  more 
serious  if  it  occurs  at  the  higher  temperature  of  1500  F  because  reaction  rates  are 
generally  much  higher.  In  addition,  dwell  times  at  the  lower  temperatures  are  generally 
short  for  typical  Air  Force  applications  such  as  glide  reentry  heat  shields  or  blades 
for  gas  turbines.  It  is  recognized  that  selection  of  another  temperature  might  have 
changed  the  pattern  of  performance.  Selection  of  the  upper  temperature  as  2400  F 
needs  no  justification. 


In  oxidation  testing  the  specimens  were  supported  on  Leco  Number  528-53 
zircon  boats.  At  1500  F  the  specimens  were  tested  in  a  static  air  environment.  Test¬ 
ing  at  2400  F  was  conducted  in  one-inch  diameter  mullite  tubes  in  which  dry  air 
(-50  F  dew  point)  at  a  flow  rate  of  four  cfh  was  passed  through  the  tube.  Specimens 
were  cycled  approximately  every  16  hours  for  96  to  101  hours  or  failure.  Evalua¬ 
tion  of  the  specimens  was  by  weight  change  and  changes  in  appearance. 

Oxidation  of  the  MSi„  Silicides 

The  oxidation  results  at  1500  and  2400  F  on  the  various  MSig  silicides  are 
shown  in  Table  XXI.  The  chemical  analyses  of  the  various  disilicides  are  also  included 
in  this  table.  Figures  41  and  42  show  the  appearance  of  the  specimens  after  test. 

With  relatively  few  exceptions,  the  disilicides  have  excellent  oxidation  resist¬ 
ance  at  1500  F.  The  exceptions  were  WSi2  and  CbSig,  which  failed  catastrophically  in 
less  than  16  hours.  Other  more  complex  disilicides  containing  high  tungsten  and 
columbium  (No.  4)  or  high  tungsten  only  (No.  5)  also  performed  poorly.  Most  specimens 
retained  a  metallic  luster  throughout  the  test  or  developed  a  very  thin,  almost  inter¬ 
ference,  oxide  film. 

Oxidation  results  at  2400  F  showed  marked  difference  between  the  various 
disilicides.  The  CbSig  disilicide  exhibited  the  poorest  oxidation  resistance,  while 
MoSig,  WSig,  TiSig,  and  VSig  were  the  outstanding  binary  disilicides.  Disilicides 
containing;  appreciable  quantities  of  chromium  usually  lost  weight  and  spalled  on  thermal 
cycling.  Alloys  of  CrSig  and  TiSi2  showed  rapid  weight  gain  and  rarely  lasted  96  hours, 
even  when  silicon  was  in  excess  of  the  disilicide  ratio.  Additions  of  columblum  to  the 
Cr-Ti-Si  compositions  greatly  retarded  the  oxidation  rate.  In  contrast  to  the  Ti-Cr-Si 
compositions,  disilicides  in  the  V-Cr-Si  system  had  excellent  oxidation  resistance, 
although  slight  weight  losses  were  noted,  as  is  characteristic  with  chromium-containing 
disilicides. 

Of  the  disilicides  tested  containing  columbium,  the  outstanding  performers 
were  those  containing  both  titanium  and  molybdenum,  followed  on  a  selective  basis  by 
those  containing  titanium  plus  tungsten,  and  vanadium  plus  chromium.  Tolerance  for 
columbium  by  a  disilicide  is  extremely  important  in  coatings  on  columbium  alloys, 
because  some  interdiffusion  cannot  be  avoided  In  either  the  application  processes  cr  in 
long-time  exposure  at  elevated  temperatures. 


Oxidation  of  the  M„Si„  Silicide 

“  "  5 — o  . 

The  microstructures  of  the  binary  MgSig  silicides  (Fig.  43)  showed  small 
amounts  of  secondary  phases  in  all  compositions.  The  TigSi3>  which  was  silicon 
deficient,  showed  the  least  secondary  phase  which  was  in  general  agreement  with  the 
broad  composition  range  for  this  compound  (Ref.  4).  The  four  other  silicides,  whether 
silicon  excess  or  silicon  deficient,  exhibited  approximately  similar  secondary  phases 
at  grain  boundaries.  The  secondary  phases  amounted  to  less  than  10  percent  in  all 
specimens. 

The  ternary  MgSig  silicide  microstructures  (Fig.  44)  indicated  almost 
100  percent  single-phase  structures  for  (Ti-Cr)gSig  and  (Ti-Mo)gSig,  but  the 
(V-  Cr)5Si3  composition  exhibited  a  secondary  phase  that  constituted  20  to  30  percent 
of  the  volume.  Since  the  stoichiometry  of  this  composition  was  held  very  closely  in 
preparation,  the  secondary  phase  may  be  due  to  the  restricted  substitution  of  vanadium 

for  chromium  in  the  CrcSi„  structure. 

0  o 

The  introduction  of  columbium  into  the  ternary  composition  to  produce  the 
quaternary  MgSig  silicide  produced  the  microstructures  shown  in  Figure  45.  The 
(Ti-Cr-Cb)  and  (Ti-Mo-Cr)  compositions  remained  essential!.,  single  phases;  whereas, 
the  vanadium-containing  composition  (V-Cr-Cb)  remained  multiple  phased. 

The  oxidation  test  results  for  the  MgSig  silicide  at  1500  and  2400  F  are  given 
in  Table  XXII  and  the  specimens  after  exposure  for  101  hours  are  shown  in  Figures  46 
and  47. 

The  binary  silicide,  Cb.Si,,,  had  essentially  no  oxidation  resistance  at  either 

0  o 

test  temperature.  The  binary  silicide,  Mo -Si„,  was  next  poorest  in  performance, 
showing  relatively  severe  exfoliation  at  1500  F  and  catastrophic  oxidation  at  2400  F. 

At  1500  F,  Cr5Si3  was  the  best  performor,  followed  closely  by  VgSig  and  TigSig  in 
that  order. 

The  ternary  silicides,  (Ti-Cr)gSig,  (Ti-Mo)gSig,  and  (V-Cr)5Sig  exhibited 
good  to  excellent  oxidation  resistance  at  1500  and  240C  F.  The  (Ti-Crh-Sig  composition 
had  small  positive  weight  gains  at  both  temperatures  and  was,  therefore,  rated  best 
of  the  group.  The  (Ti-Mo)gSig  composition  broke  into  a  number  of  large  pieces  during 
testing  at  1500,  but  from  the  appearance,  internal  stress  rather  than  o.Jdation  was 
the  cause. 
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Composition  No.  33  Cbj-Si^ 


Compoaltiou  No.  34  V.  81 
J>  3 


No.  35 

MsfniOc*!  ioft!  SSOX  * 


FIGURE  43.  THE  BINARY  M_Si„  SILICIDSS;  Arc  Malted  and  Annealed 

O  v 
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Composition  4ft  (V-Ci^gSig 


Magnification:  250X 

FIGURE  44.  THE  TERNARY  M-Si0  SILICIDES;  Arc  Melted  and  Annealed 

O  o 

The  diree  quaternary'  silicides  studied  -(Ti-Cr-Cb^Si^,  (T’-Mc-Cb)gSig, 
and  (V-Cr~Gb)5Si3  -  exhibits  some  of  the  more  interesting  oxidation  test  data.  The 
oxidation  tost  results  for  the  (Ti-Cr-CbLStQ  composition  at  1500  and  2400  F  were  equal 
or  superior  to  the  disiiicide  containing  these  elements.  Comparable  compositions  con¬ 
taining  titanium,  molybdenum,  and  Columbian  or  vanadium,  chromium  and  columbium 
were  rapidly  r  Ved  at  botli  temperatures. 

A  significant  point  brought  out  in  the  oxidation  ^tudy  of  the  MgSi3  silicides  was 
the  excellent  performance  of  Uio  (Ti-Cr)-Si3  a.id  (Ti-Cr-Cb)gSi3  compositions  at  the  two 
test  temperatures,  1500  and  2400  F.  The  oxidation  resistance  of  these  compositions 
was  superior  to  similar  compositions  at  the  MSi2  metal -silicon  ratio.  None  of  the 
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Composition  No.  37  (Ti-Cr-Cb)gSi„ 


Composition  No.  39  (Ti-Mo-Cb)-Si3 


Composition  No.  41  (V-Cr-Cb)5Si3 


Magnification:  250X 

FIGURE  45.  THE  QUARTERNARY  MgSig  SILICIDES;  Arc  Melted  and  Annealed 

other  MgSig  silicides  showed  superior  oxidation  resistance  to  their  MSig  counterparts. 

Also,  the  tolerance  of  the  other  M_3i_  silicides  for  columbium  was  far  less  than  for 

o  o 

the  ones  containing  titanium  and  chromium. 

The  past  success  with  the  (Ti-Cr)-Si  coating  on  columbbim  alloys  may,  in 
part,  be  due  to  the  excellent  oxidation  resistance  of  the  subsilicide  layer  and  the  alloy 
layers  formed  beneath  this  silicide;  however,  the  high  thermal  expansion  of  the  silicides 
containing  substantial  amounts  of  titanium  and  chromium  may  play  a  significant  role  in 
lower . '%  the  reliable  oxidation  life  of  the  coating  (Ref.  3)  by  increasing  the  severity  of 
the  craze  cracking  problem. 


TABLE  XXH 
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3. 3. 2  Oxidation  of  Aluminides 

The  objective  of  the  companion  program  undertaken  by  IITRI  was  to  perform 
studies  aimed  at  identifying  coating  systems  for  columbium,  based  on  aluminides. 

Work  on  the  aluminum-containing  sublayer  is  reported  here  because  it  was  performed 
as  part  of  an  overall  study  of  aluminum-base  systems. 

Oxidation  of  Trialumlnides  * 

The  trialuminide  compounds,  particularly  those  based  on  CbAlg  or  TiAlg, 
were  the  principal  candidates  for  use  as  an  outer  primary  oxygen  diffusion  barrier. 

Early  efforts  (Ref.  10-12)  showed  that  CbAl3  was  a  promising  protective  coating  material 
for  columbium.  At  temperatures  above  2000  F,  this  compound  is  moderately  oxidation- 
resistant,  forming  a  scale  that  is  predominantly  AlgOg.  At  lower  temperatures,  or 
during  slow  thermal  cycling,  the  compound  undergoes  rapid  catastrophic  attack.  This 
effect  can  be  mitigated  and  high-temperature  oxidation  further  improved  through  alloy¬ 
ing  of  CbAl3  with  titanium,  chromium,  or  silicon  (Ref.  12). 

A  series  of  compositions  was  prepared  fox  oxidation  testing  at  2200  and  2500  F.  , 

These  included  CbAlg,  TiAlg,  VAl^,  and  ternary  compositions  in  which  titanium, 
vanadium,  chromium,  molybdenum,  and  tantalum  were  substituted  for  columbium.  * 

Thirty-gram  buttons  were  prepared  by  nonconsumable  electrode  arc  melting  and  sub¬ 
sequently  homogenised  in  vacuum  at  2500  F  for  one  hour.  Small  rectangular  test 
specimens,  weighing  two  to  four  grams,  were  oxidised  in  static  air  for  up  to  40  hours, 
with  interrupted  weighings  at  1/6,  1/2,  1,  4,  and  12  hours.  The  specimens  were  con¬ 
tained  in  recryst&Uised  alumina  support  trays  to  minimise  interaction  during  oxidation 
exposure. 

Tables  XXIII  and  XXIV  present  the  results  for  the  selected  temperatures  of 
2200  and  2500  F.  Preliminary  work  with  VAl^  showed  a  weight  gain  of  29  percent  in 
40  hours  at  2200  F  and  21  percent  in  four  hours  at  2500  F,  and  showed  further  that  with 
more  than  10  molecular  percent  VAlg  in  CbAlg,  the  oxidation  rate  remained  high. 

Therefore,  only  TiAl  and  CbAl  were  continued  for  study  under  the  more  detailed 

^  I 

conditions  used  for  the  data  presented.  The  titanium  alumtnide  performed  better  than 
columbium  aluminide  which  spslled,  Ternary  column  ium-oontainlng  compositions 
showed  that  this  problem  could  be  circumvented  by  alloying. 
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TABLE  XXin 

OXIDATION  DATA  FOR  TRIALUMINIDE  COMPOUNDS  EXPOSED  AT  2200  F 


Nominal  Composition 


Weight  Gain  (mg/cm  ) 


(Wt  %) 

(«t.  %) 

1/0  hour 

1/2  hour 

1  hour 

4  hours 

12  hours 

28  hours 

40  hours 

TI-63A1 

TiAl, 

1.2 

1.3 

2.0 

4.1 

u> 

- 

- 

Cb-46A1 

ChAl3 

1.7 

O.S*2* 

1.0« 

- 

-  ■ 

Cb-6.  SCr-47.  SM 

<Cb0. 8Cr0.2)A13 

u 

2.3 

2.9 

4.7 

- 

8.9 

10.9 

Cb-6Mo-46AI 

<Cb0  ,9Mo0  .1^3 

O.S 

0.5 

0.  b 

- 

1.8 

1.7 

Cb-UMo-46AI 

(Cb0  8M°0.2)A13 

1 

0.8 

1.2 

1.0 

2.9 

Cb-10Ta-44Al 

<C\.9Ta0.1>A,3 

0.  1 

mwm 

0.7 

1.0 

- 

2.1 

Cb-19T<.  42A1 

<Cb0.  8Ta0.2*A13 

0.1 

1 

0.7 

1.2 

- 

2.9 

3.1 

1.  Specimen  fractured  during  cooling. 

2.  Scale  spalled. 


TABLE  XXIV 

OXIDATION  DATA  FOR  TRIALUMINIDE  COMPOUNDS  EXPOSED  AT  2500  F 


Nominal  Composition 

Weight  Gain  (mg/ora8) 

(wt  %) 

— 

(at.  %) 

— 

1/6  hour 

1/2  hour 

1  hour 

4  hours 

12  hours 

Ti-63Ai 

TiAl3 

0.8 

1.6 

1.7 

2.2 

7.0 

16.3 

Cb-46A1 

CbAl 

3 

.4 

2.6 

2.0 

i.*« 

8.8 

U) 

Cb-6.  5Cr-47.  5A1 

<Cbo. 

8Cr0.2)Al3 

2.2 

5.5 

8.0 

13.1 

18.5 

27.6 

Cb-6Mo-46Al 

<Cb0. 

9Mo0.  i)A13 

0.  9 

1.7 

1.8 

2.7 

3.  5(1) 

4.8 

Cb-liMo-46Al 

<cbo. 

8Mo0  2,A13 

1.2 

1.6 

1.  9 

2.4(2) 

3.  9 

- 

Cb-’0Ta-44Al 

(Gb0 

9TV  i>a13 

1 

1.2 

1.7 

3.0 

4.7 

11.6 

Cb-19TS-42A1 

(Gb0 

8T*0.2)A13 

D 

2.0 

2.  7 

5.3 

7.3 

16.0 

1.  Specimen  frtetured  during  cooling. 
i.  Scale  spalled. 
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Of  the  ternary  compound*  (CbQ  gTi0  7)Alg  and  (CbQ  6grX10  gg)Alg,  the 
titanium-rich  compound  showed  oxidation  resistance  comparable  to  that  of  the  binary 
trialumlnldes.  The  composition  (CbQ  gsTi0  3g)Alg,  however,  showed  markedly  im¬ 
proved  oxidation  resistance  at  both  temperatures.  The  substitution  of  chromium  for 
columbium  had  no  marked  effect  on  oxidation  behavior  at  either  temperature.  The 
substitution  of  molybdenum  or  tantalum  for  columbium  had  a  pronounced  beneficial 
effect  on  oxidation  behavior  at  2200  F  (Table  XXHI).  This  effeot  was  also  apparent  at 
2500  F  (Table  XXIV).  At  the  higher  temperature,  the  oxidation  rates  for  the  molyb¬ 
denum-containing  compounds  were  lower  than  those  in  which  tantalum  was  substituted 
for  columbium. 

Low-temperature  oxidation  behavior  was  studied  at  1600  F  for  selected  com¬ 
positions;  specimens  were  exposed  for  24  and  90  hours.  Weight  gain  data  are  presented 
•n  Table  XXV.  The  CbAlg  aiuminide  and  the  compositions  in  which  tantalum  v  *s  sub¬ 
stituted  for  columbium  underwent  a  pest-type  attack  during  the  initial  24-hour  exposure. 
The  remaining  material*  3howed  relatively  minor  weight  gains  and  developed  only  a 
light  oxide  film  during  this  exposure.  During  the  90-hour  exposure,  the  titanium- 
containing  ternary  compound  and  (CbQ  g,Mo0  2)A13  underwent  pest- type  attack.  The 
TiAlg  specimen  was  intact  after  90  hours;  however,  the  edges  were  somewhat  cracked. 
The  lower  molybdenum-  and  chromium -containing  compounds  showed  no  evidence  of 
pest-type  attack. 

TABLE  XXV 

OXIDATION  DATA  FOR  SELECTED  TRIALUMINIDE  COMPOUNDS 

EXPOSED  AT  1600  F 


Nominal  Composition 

Weight  Gain 
(mg/cm2) 

(at.  %) 

(wt.  %) 

24  hours 

90  hours 

Remarks 

TiAl3 

TI-63A1 

0.23 

0.93 

CbAlg 

Cb-46A1 

0.71 

- 

Powdered 

^O.  35Cb0. 65^3 

Ti-39Cb-51Al 

0.  40 

3.74 

Powdered 

(Cb0.<fCr0. 1)^3 

Cb-3Cr-47Al 

0.58 

1.45 

(G>o.  8^r0.  2^3 

Cb-6.5Cr-48.5Al 

0.43 

1.14 

(Cb0.  9Mo0.  1^3 

Cb-6Mo-46Al 

0.37 

2.01 

(Cb0  8Mo0.  2)A13 

Cb-llMo-46Al 

0.47 

5.43 

Powdered 

(Cb0.  1^3 

Cb-lOTa-44Al 

0.79 

- 

Powdered 

(Cb0.  gTa0. 2^3 

Cb-\9Ta-42Al 

3.31 

- 

Powdered 

Further  effort  was  concentrated  on  the  study  of  compounds  in  tne  (Co,  Tl, 
system.  A  series  ot  compositions  was  prepared  and  oxidation  studies  were  performed 
at  1600  and  2400  F„  The  results  are  summarized  in  Table  XXVI  and  XXVII, 

At  1600  F  only  CbAlg  was  observed  to  undergo  pest-type  oxidation  during  a 

24-hour  exposure.  The  other  compounds  developed  thin  blue  cr  tan  oxide  films  and 

2 

showed  weight  gains  of  less  than  1  mg/cm  during  the  sam  exposure  period.  Both 
<Ti0  35»Cb0  65)A13  and  (Cb0  8.Mr>02)Al3  exhibited  pest-type  attack  during  a  total 
exposure  of  SO  hours.  At  2400  F,  relatively  low  oxidation  rater  were  observed  in  all 
of  the  complex  compounds  that  were  studied.  The  lowest  rates  occurred  in  the 
(7i,Mo)Al3  and  (Ti,Cb)Alg  series.  Additions  of  approximately  0.3  and  1.5  atomic 
percent  silicon  were  made  to  the  compound  (Ti^  g.MoQ  j^Alg;  however,  no  significant 
influence  on  2400  F  oxidation  behavior  was  observed. 

TABLE  XXVI 


OXIDATION  DATA  FOR  <Cb-Ti-Mo)Al3  COMPOUNDS  EXPOSED  AT  1600  If 


|  Nominal  Composition 

Weight  Gain  (m| 

s/cm2>  ! 

(at.  .a) 

(wt%> 

1  hour 

24  hours 

90  ’  ITS 

TiAl3 

T1-63A1 

- 

- 

- 

0.23 

0.J- 

CbAl„ 

Ch-46.»i 

- 

- 

- 

0.7.'il> 

- 

,TWCY  63**3 

Ti-o9Cb-51Al 

- 

- 

- 

ft.  40 

3.74<X) 

(ri0,S,M°0.1)A13 

Ti-7.2Mo-60.6Al 

0.06 

0.25 

0.54 

0.  sc 

•• 

ITi04,M°0.2il!J 

Ti-13. 9Mo-58, 5A1 

0.09 

0.35 

0.45 

0.55 

(Cb0.9,M°0. 1**3 

Cb-6Mo-46Ai 

- 

- 

- 

C.  37 

2.01 

^Q)0.8,Mo0.2*A13 

Cb-llMo-46Al 

_ 

- 

0.47 

5.43'1* 

1.  Specimens  were  converted  to  powder. 

I, 


TABLE  XXV3 


OXIDATION  DATA  FOR  (Cb-Ti-MoJAlg  COMPOUNDS  EXPOSED  AT  8404*  F 


Nominal  Composition 


Weight  Gain  (mg/om*) 


(at.  %) 

(wt  %) 

1  hour 

4  hours 

16  hours 

TlAlg 

T1-63A1 

0. 35 

1.05 

2.95 

CbAlg 

Co-46Al 

0.45 

1.45 

3.85 

<T10.36'Qi0.68)A13 

Ti-39Cb-51Al 

0.21 

0.37 

0.85 

Ti-7. 2MO'G0. 6A1 

0.71 

0.63 

Iff 

(T1q  .  8’M°o  .2^3 

Tl-13.9Mo-58.5Al 

0.40 

0.60 

0. 77 

(CbQ  9,M°o  i)A13 

Cb-6Mo-4€Al 

0.35 

0.65 

1.65 

<0bo.9-M‘>o.2>AI3 

Cb-llMo-46Al 

0.60 

0. 95 

1.95 

Oxidation  cf  Gamma  Titanium  Aluminide 

The  gamma  phase,  TiAI,  is  a  reasonably  oxidation-resistant  compound  which 
borders  cn  being  ductile.  The  addition  of  columhium,  which  is  soluble  to  the  extent  of 
18  atomic  percent  when  replacing  tLanium,  makes  the  compound  fabricablc  and  has  a 
markedly  beneficial  effect  on  toughness  and  oxidation  resistance  (Ref  13).  Since 
many  of  the  Group  IV  to  VI  transition  metals  were  expected  to  be  reasonably  soluble  in 
the  gamma  phase,  the  use  of  this  material  as  a  protective  coating  system  for  columbium 
appeared  quite  attractive.  The  gamma  phase  could  be  considered  a  candidate  for  use 
either  as  a  ductile  sublayer  beneath  a  triaiuminide  layer  or  as  an  outer  primary  reser¬ 
voir  coating. 

Initial  effort  was  concentrated  on  a  study  iff  the  oxidation  behavior  of  selected 
gamma  compositions.  Experimental  materials  were  prepared  ir>  the  same  way  as  the 
triaiuminide  compounds,  and  oxidation  toots  were  performed  in  a  mcnilar  manner  at 
2200  and  2500  F. 

The  gamma  alloys  that  were  oxidation  tested  included  the  binary  compounds 
TiAl  and  TL  .EA1  in  addition  to  ternary  compositions  based  on  50  atomic  percent 
aluminum  in  which  tiroonium,  hafnium,  vanadium,  columbium,  tantalum,  chromime 
molybdenum,  and  tungsten  substitutions  were  made  for  titanium.  In  general,  U  was 
found  that  slrocuium,  hafnium,  and  vanadium  bad  an  adverse  effect  on  the  oxidution 
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behavior  of  gamma  alloys  at  both  2200  and  2500  F,  1  tings  ten  additions  decreased 
oxidation  rates  significantly  at  both  temperatures  for  short-time  exposures.  After 
four  hours  at  2200  F  and  less  than  one  hour  at  2500  F,  the  tungsten-containing  com¬ 
pounds  showed  rapid  accelerated  oxidation.  This  behavior  was  associated  with  seg¬ 
regation  of  tungsten  in  the  alloys.  The  remaining  substitution  elements  all  decreased 
the  oxidation  rate  of  the  gamma  alloys.  Oxidation  data  for  2200  and  2500  F  exposures 
are  summarised  in  Tables  XXVlil  and  XXIX,  respectively. 

The  compound  TiAl  (Ti-36  wt  %  Al)  showed  poor  oxidation  resistance  com¬ 
pared  to  that  of  the  solid -solution  compositions  Co-10Al-50Ti  and  Cb-10Al-6QTi, 
described  in  the  following  sections,  at  Doth  2200  and  2500  F.  A  tan,  porous  scale 
developed  on  the  alloys  which  cracked  during  growth  and  spalled  upon  cooling.  Oxygen 
contamination  occurred  beneath  the  scale  layers  as  was  evidenced  fay  an  increase  in 
hardness  and  by  the  development  of  a  two -phase  metallic  microstructure  throughout 
the  specimen.  An  increase  to  55  atomic  percent  (Ti-41  wt  %  Al)  in  the  aluminum 
content  of  the  gamma  alloys  resulted  in  a  marked  improvement  in  oxidation  resistance 
and  the  apparent  absence  of  subscale  contamination.  Similarly,  the  substitution  of 
columoium,  tantalum,  chromium,  molybdenum,  or  tungsten  for  titanium  in  the  y-TiAl 
composition  produced  a  marked  improvement.  The  most  pronounced  effect  was  at 
2200  F;  at  this  temperature,  chromium  and  tantalum  additions  are  the  most  beneficial. 
Gamma  alloys  in  which  molybdenum  substitutions  were  made  showed  low  oxidation 
rates  after  short-exposure  time  but,  as  in  the  case  of  tungsten,  after  Increased  exposure 
oxidation  became  more  rapid.  The  scale  formed  on  the  chromium  and  tantalum- 
containing  alloys  was  adherent,  and  oxidation  appeared  to  be  parabolic  for  the  exposure 
time  investigated.  The  hardnesses  of  the  molybdenum-  and  tantalum -containing  alloys 
after  exposure  were  lower  than  the  initial  annealed  hardness  values.  The  compound 
(Ti o  gCrQ  2^  showed  an  increase  in  hardness  from  3V5  DPN  in  the  annealed  condition 
to  510  DPN  aftsr  oxidation  exposure  at  2200  F  for  42  hours.  Columbium  substitutions 
for  titanium  decreased  the  oxidation  rat?  of  gamma  alloys;  however,  their  influence 
was  not  as  significant  as  that  rated  for  the  other  elements.  In  general,  it  waa  found 
that  increased  substitution  of  columbium,  tantalum,  chromium,  or  molybdenum  for 
titanium  resuited  in  increased  oxidation  resistance  of  the  gamma  phase 

At  2500  F  the  same  general  trends  were  noted;  the  columbium-  and  tantalum- 
modified  gamma  compositions  scaled  at  a  considerably  more  rapid  rate  than  at  2290  F. 
The  chromium-  and  molybdenum -modified  compositions  scaled  at  rates  comparable  to 
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TABLE  XXVm 

OXIDATION  DATA  FOE  SELECTED  GAMMA  COMPOSTION8  EXPOSED  AT  $300  F 


Noajul  Compocittoa 

Mterotentana 

fl>W0 

Wte0lt  (Ms 

(wt%) 

<*■  %» 

d 

1/5  how 

l/Bkmr 

1  boor 

4  kttn 

UtOM 

osteon 

TI-35.  SA1 

TUU 

tw 

335 

— 

-0.3 

-10.0 

-30.3 

-C7.5 

- 

T1-41.0A1 

T10.45A1e.56 

m 

351 

0.73 

-3.0 

“  7.3 

-10.7 

- 

- 

TI-SiAl-lSCb 

MS 

III 

3.0 

0.0 

-14.5 

|a 

-43.0 

Ti-3XAl-13C3> 

(TJo.8Cb#<1»Al 

545 

D 

-3.5 

-  4.  3 

-10.7 

-73.0 

Tt-30A1-37Q> 

^0.  67Q>0. 

500 

1.5 

3.1 

3.1 

1.3 

HS 

13.3 

Tl-3QAl-30Ta 

no 

1.3 

1.0 

“  1.3 

-  7.7 

-15.1 

-40.0 

Tl-MAl-3STa 

m 

350 

0.4 

0.0 

1.1 

1.0 

3.3 

- 

T1-30A1  mio 

(T»0.,Mo0<1)Al 

400 

400 

-0.5 

-0.0 

-  0.3 

♦  0.3<D 

Tl-32AI-MMo 

500 

500 

0.5 

1.1 

o.» 

-  0.3 

-  4.5 

-15.3 

TI-3<JAl-7Cr 

375 

375 

0.5 

3.1 

3.0 

3.5 

11.5 

- 

T1-3ISA1-13C. 

^0. 8Cr0. 

" 

510 

0.3 

1.0 

l.l 

1.4 

3.3 

3.3 

1.  B»idonjo  df  luufrtescaa  ngngatton. 


TABLE  XXIX 

OXIDATION  DATA  FOR  SELECTED  GAMMA  COMPOSITIONS  EXPOSED  AT  2500  F 


Nomina]  Compoaittan 

igtggl 

Wtiffct  Gain  flag 

/«"*> _ 

(wt  .  ) 

(at.  i) 

Annaalsd 

Final 

i/3  boor 

i/5  hour 

1  how 

4  hours 

13  hours 

Ti-35  5A1 

TiAl 

2K 

504 

-3.3 

-33.0 

-53  1 

-me 

. 

Ti-41  0AJ 

T‘o.  45^0.  55 

*37 

»0 

-3.5 

-11.3 

-15  1 

T:-J4A]-l2Cb 

243 

413 

-3 .1 

-13. 3 

-32  0 

-  34  .0 

-107.0 

Ti-33\J-*3Q> 

343 

340 

-4  # 

-  3  3 

-35. 0 

- 

Ti-30A1-3TQ) 

<^0.  «7a,3.  ,I3>A“' 

509 

400 

4.8 

31.0 

-  3  1<‘> 

-  1.1 

-  14.7 

T»-30Al-10Ta 

^0.  ilV  1 *** 

!» 

4X0 

-t.  3 

-  3.7 

-11.3 

-  33.3 

-133.0 

7I-25A1-35T* 

377 

515 

-3.3 

-  3.5 

-13.7 

-  at 

-  71.5 

Ti  3841-135*0 

'"•.•"Vl*1 

400 

- 

O.C 

-  3.0 

-  7.5 

Tl-iiAJ  -13Mo 

^e.  »“•<>.  »)A1 

000 

l.S 

-  l.l 

-  0.7 

-  3.4 

Ti-3*41-TCt 

m 

373 

1.4 

Bl 

0.  «»5 

7.7 

Tl-3*A1-Uer 

Tl9  ,Ct#  jlAi 

a 

1. 3 

- 

D 

4.3*1’ 

i 


1  Sc*l«  apsUsd. 

3.  Wloj  partial ly  wollia 


those  at  the  lower  temperatures  for  exposures  of  four  hours  or  less.  The  hardness  of 
these  materials,  however,  waa  considerably  higher  after  the  2500  F  oxidation  exposure. 
The  composition  (Tig  gCrQ  2)A1  Is  partially  molten  at  2500  F. 

TV  low  temperature  oxidation  behavior  of  the  more  promising  materials  was 
checked  by  exposing  specimens  at  1600  F  for  24  and  £0  hours.  An  adherent  scale  de¬ 
veloped,  and  very  low  weight  gains  were  measured.  The  oxidation  data  appear  in 
Table  XXX.  All  of  the  specimens  had  sharp  edges  and  corners  after  the  90-hour 
exposure. 

TABLE  XXX 


OXIDATION  DATA  FOR  SELECTED  GAMMA  ALLOYS  EXPOSED  AT  1600  F 


Nominal  Composition 

Weight  Gain  (mg/cm^) 

(at. 

(wt  %) 

24  hours 

90  hours 

*Tl0,9’Ta0. 1^ 

Ti-20.5Ta-30.6Al 

0.21 

0.42 

(fi0.  8’ ^0.2^ 

Ti-35.7Ta-26.6Al 

0.25 

0.98 

(iiQ.  Moq.  a)A1 

Ti-12.0Mo-33.9Al 

0.15 

0.59 

*Ti0.8,Mo0.  2^ 

Ti-22.7Mo-31.9Al 

0.16 

0.16 

(Tl0.9,Cr0.1)A1 

Ti-6.9Cr-35.8Al 

0.17 

0.67 

(Tl0.8’  Cr0.2)A1 

Ti-13.  7Ci’-35. 6A1 

0.08 

0.92 

The  influence  of  increased  aluminum  content  on  the  2500  F  oxidation  behavior 
of  selected  gamma  alloys  was  investigated.  Oxidation  data  are  presented  in  Tabic  XXXI. 
The  ternary  alloys  containing  55  atomic  percent  aluminum,  in  general,  formed  adherent 
scales  resulting  in  a  positive  weight  gain  under  the  test  conditions  employed.  The 
columbium-modified  gamma  compositions  containing  55  atomic  percent  aluminum 
oxidized  at  a  rate  comparable  to  the  alloys  containing  50  atomic  percent  aluminum,  with 
the  exception  that  an  adherent  scale  was  formed  on  the  higher  aluminum  materials 
The  increased  aluminum  content  produced  an  improvement  in  the  oxidation  behavior  of 
the  tantalum-,  chromium-,  and  molybdenum-modified  gamma  alloys. 


TABLE  XXXI 

OXIDATION  DATA  rOR  SELECTED  GAMMA  ALLOYS  EXPOSED  AT  2500  F 


Nominal  Composition 

1 

Weight  Gain  (mg/cm2)  | 

(at.  %) 

<wt%) 

1/6  hour 

1/2  hour 

l  hour 

4  hours 

12  hodre 

T1A1 

T1-36A1 

mm 

-23.0 

-55,1 

— 

T10. 45A10. 55 

T1-41A1 

-11.3 

-15.1 

B 

— 

<T10.9'Cb0.1>A1 

Ti-12Cb-34AI 

D 

-16.3 

-32.0 

-  36.0 

-107.0 

<"0.8'a0.*>“ 

Tl-23Cb-32Al 

-  9.9 

-25.0 

— 

(T10.9,Cb0.1,0.45/*10.  55 

Tl-12Cb-43Al 

9.0 

14.0 

18.6 

32.8 

— 

(Ti0.8,a>0.2\).  46A10.55 

Tl-37Cb-36A? 

■  ' 

14.3 

22.0 

44.0 

— 

<Ti0.9T,0.1)A1 

Tl-20Ta-30Al 

| 

-  2,1 

-11.9“ 

-  39.8 

-122.0 

<«0.  8T*0. 2^ 

Tl-35Ta-28Al 

am 

-  3.5 

-10.7 

-  25.9 

•  71.5 

<T10.  8TY 2)0. 45^0. 5 5 

Tl-41Ta-34Al 

B9 

4.9 

6.1 

• 

8.5 

12.8 

<T10.9Mo0.1)A1 

T1-12MO-34A1 

0.6 

-  3.0 

-  7.5 

— 

— 

<T10.8Mo0.2,A1 

TI-23MO-32A1 

-  1.1 

0.7 

-  2.6 

— 

<T10.  9Mo0.  1*0.  45^0.  55 

Tl-12Mo-38Al 

1 

1.8 

2.5 

4.4 

— 

(Tifl  gMo0  2)0  45A10  55 

T1-21MO-38A1 

0.  83 

1.03 

1.30 

1.23 

'T10.  9Cr0. 

Tl-7Cr-36Al 

— 

1.9 

0.4 

7.7 

m0.  8^r0. 2^ 

Tl-13Cr-36Al 

l.S»> 

— 

3.0 

6.0 

— 

<ri0. 9Cr0.1^0.45A10.55 

Ti-6Cr~41Al 

0.86 

0. 73 

1.78 

3.2 

3.6 

<Tl0.  8CrP.  2*0. 45^0. 55 

Tl-13Cr-40Al 

1.9«> 

3.3 

_ 

5.2 

9.2 

— 

1.  Alloy  partially  molten. 

The  most  oxidation-resistant  compositions  were  those  in  which  molybdenum 
was  substituted  for  titanium.  The  microstructure  of  these  alloys  after  oxidation  ex¬ 
posure  are  shown  in  Figures  48  and  49.  The  (Tig  g,Mo0  ^  4(.A1Q  55  allor'  (Fig.  48) 
contained  a  small  quantity  of  transformation  product  throughout  the  microstructure. 
Small,  nodular  oxide  particles  existed  near  the  surface  which  were  the  apparent  result 
of  internal  oxidation.  A  hardness  gradient  extended  from  the  surface  to  a  depth  of 
0.004  inch  ranging  from  466  DPH  to  362  DPH,  the  hardness  of  the  core.  The 
(Ti,  c,Mo„  ,,)n  ._Aln  rr  alloy  was  two  phase  (Fig.  49).  Transformation  as  a  reeult 
of  the  oxidation  reaction  was  apparent  to  a  depth  of  approximately  0,  010  inch  from  the 
surface.  No  hardness  difference  was  detectable  between  this  layer  and  the  core. 
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Magnification:  100X 


FIGURE  48.  MICROSTRUCTURE  OF(TiQ>9,  Mc0  4g,  A1Q  55  ALLOY 
‘  OXIDIZED  12  HOURS  AT  2500  F 
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FIGURE  4‘J.  M ICROST ’IU CTURE  OF  (TiA  Mo„  .,)  ,,.Aln  __  ALLOY 

v.  8  0.2  U.  -i.)  v.oo 

OXIDIZED  12  HOURS  AT  2500  F 


The  low  chromium -containing  alloy  showed  microscopic  evidence  of  a  grain¬ 
boundary  melting  during  oxidation  exposure.  The  quantity  of  melt  was  not  sufficient 
to  cause  the  specimen  to  deform  during  exposure  as  was  the  case  with  the  higher 
chromium  compounds. 

In  view  of  the  low  melting  point  of  the  chromium-modified  gamma  composi¬ 
tions,  the  molybdenum-  or  tantalum-modified  alloys  were  of  greatest  interest  to  thus 
program.  Consequently,  the  oxidation  behavior  of  these  materials  was  studied  in 
greater  detail.  As  an  initial  step,  the  influence  of  minor  additions  of  silicon  to  the 
(TiQ  Moq  1)A1  alloy  was  investigated.  Additions  of  approximately  0. 3  and  1.5 
atomic  percent  silicon  were  made  as  a  proportional  substitution  for  each  of  the  elements 
in  the  base  alloy.  At  2500  P  the  silicon  additions  decreased  the  oxidation  rate  of  the 
alloy,  the  larger  addition  being  more  beneficial. 

Alloys  of  the  following  compositions  were  prepared  as  100-gram  melts  by 
nonconsumable  electrode  arc  meiting. 


Nominal  Composition 

(at.  ■%)  _ (wt  %) 


(T*0.  8’  Cb0. 1  ’  M°0. 1^ 

Ti-llCb-11. 4Mo-32Al 

(Ti0.7,Cb0.15,M°0.15)A1 

Ti-15.  7Cb-l6. 2Mo-30. 4A1 

<Ti0.  7*  Cb0. 2’ M°0. 1^ 

Ti-21Cb-10.8Mo-30.4Al 

m0.7,Cb0.1,Mo0.2,A1 

Ti-10. 4Cb-2Q.  6Mo-30. 3A1 

<Ti0.  8’  ^O.  15’  M°0.  05)A1 

Ti-16.1Cb-5.6Mo-31.2Al 

These  alloys  were  homogenized  for  four  hours  at  2500  F  in  vacuum  at  10 
Tor.',  and  sectioned  to  produce  oxidation  test  specimens.  Specimens  were  oxidized 
at  1600  and  2400  F  for  1,  4,  and  16  hours.  The  results  are  summarized  in  Table  XXXII. 
Individual  specimens  were  used  for  each  exposure.  The  only  specimens  in  which 
spalling  of  the  scale  occurred  were  from  the  compound  (TiQ  8>Cb0  jg.Mo^  05^  7X10 
at  2400  F.  .\11  of  *he  loose  scale  was  weighed  along  with  the  specimens.  Except  for 
the  low  molybdenum-containing  compound,  very  low  weight  gains  were  recorded  at 
both  1600  and  2400  F.  The  edges  of  all  specimens  were  sharp  at  both  temperatures, 
and  no  evidence  of  pest  attack  was  observed  at  the  lower  temperature. 
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TABLE  XXXII 


OXIDATION  DATA  FOR  GAMMA  ALLOYS 


Nominal  Composition 

Weight  C-*ln  (mg/cm*) 

1800  F 

2400  F 

(At.  %) 

(wt  %) 

1  hour 

4  hours 

16  hours 

1  hour 

4  hours 

16  hours 

<T'o.8'Cb0.1Mo0.l>A1 

TI-llCb-11. 4Mo-32Al 

3.7 

1 

1.2 

1.9 

<T‘0. 7*  ®*0. 15'  Mo0. 15*A1 

Tl-15. 7Cb-18.  i  Mo-30. 4A1 

D 

n 

0.50 

1.2 

1.0 

<T10,7'Cb0.2'Mo0.  I**1 

Tl21Cb-10.8Mo-30.  4A1 

0. 28 

1.0 

0.11 

1.0 

1.9 

*T10.7,Cb0.  l,Mo0. 2^ 

Tl-10. 4Cb-20. 6MO-30.  3A1 

0.80 

0.72 

1  I 

9 

1.5 

1.4 

<T10.  8’  Cb0. 15’  Mo0. 06^ 

Tt-16.  lCb-5. 6Mo  -31 . 2A1 

0.07 

0.40 

B 

3.3 

0.3 

14.5 

At  1600  F  all  of  the  specimens  developed  a  thin  blue  adherent  film.  The  scale 
developed  at  2400  F  was  brown  for  r'l  compositions  except  (TiQ  g.Cb^  i5,Moo  05^ 
which  developed  a  tan  scale  similar  to  that  formed  on  the  (Ti-Cb)Al  compounds  studied 
previously.  It  appeared  that  concentrations  of  both  columbium  and  molybdenum  in 
excess  of  10  percent,  substituted  for  titanium,  were  necessary  to  obtain  the  greatest 
oxidation  resistance. 

Oxidation  of  Aluminum -Containing  Columbium  Alloy  Sublayers 

This  work  is  reported  here  rather  than  under  the  general  evaluation  of  sublayers 
(par.  3.2),  because  of  the  following  reasons: 

•  Work  refers  to  compositions  that  will  be  in  contact  with  the  gamma  phase 
or  trialuminides  discussed  earlier. 

•  Work  was  performed  as  part  of  the  above  investigation  by  IITRJ,  whereas 
all  work  in  Paragraph  3.2  was  performed  at  Solar. 

•  It  was  performed  as  part  of  a  study  of  the  MAI  -MAI -M  system,  and  not 
as  part  of  a  search  for  a  more  oxidation-resistant  sublayer. 

An  outer  reservoir  layer  of  gamma  or  trialuminide  would  be  expected  tc  be  in 
steady-state  equilibrium  with  a.  columbium-base  solid  solution  Ln  E  multilayer  coating 
system.  Consequently,  the  oxidation  behavior  of  ternary  coiumblum-base  solid  solutions 
containing  aluminum  was  c.ntermined  at  220u  and  2500  F.  The  solubility  of  aluminum 
in  columbium  was  initially  established  to  be  between  four  and  six  weight  percent  at 
these  temperatures  on  the  basis  of  annealing  and  quenching  studies.  A  fixed  aluminum 
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content  of  four  weight  percent  was  selected  to  represent  the  near-saturation  concentra¬ 
tion  for  most  of  the  ternary  alloys  studied.  Since  titanium  was  a  major  alloying  ele¬ 
ment  to  be  considered  in  these  coatings,  a  wide  range  oi  Cb-Al-Ti  compositions  was 
evaluated.  The  alloys  having  higher  titanium  contents  contained  increased  quantities 
of  aluminum,  since  titanium  increases  the  solubiJity  of  aluminum  in  columbium. 

The  alloys  were  prep  ired  as  30-gram  melts  by  nonconsumable  tungsten- 

electrode  arc  melting,  ana  were  homogenized  at  2500  F  for  one  hour  in  a  vacuum  of 
-5 

less  than  10  millimeters  of  mercury  before  sectioning  to  produce  oxidation  test 
specimens.  Metallographic  inspection  and  microhardness  measurements  were  made 
after  this  treatment;  all  of  the  alloys  were  found  to  be  single  phase.  Oxidation  studies 
were  performed  in  the  manner  previously  described.  The  results  of  oxidation  tests 
are  summarized  in  Tables  XXXIII  and  XXXIV. 

All  of  the  specimens  formed  a  bulky,  wnite  or  gray  po  rous  outer  scale  that 
spalled  during  cooling.  Adherent  subscale  layers  were  formed  on  many  of  the  alloys, 
and  a  solid-solution  oxygen  contamination  zone  was  observed  that  extended  throughout 
the  specimens  in  most  cases. 


TABLE  XXXIII 

SUMMARY  OF  OXIDATION  DATA  FOR  Cb-Al  BASE  SOLID-SOLUTION 
ALLOYS  EXPOSED  AT  2200  F 


Nominal 

Composition 

Mlcrchardneaa 

(DPN) 

t 

Weight  Change  (mg/cm  ) 

(wt  %) 

Origlral 

Final 

1/6  hour 

1/2  hour 

1  hour 

4  hour* 

li  houtr 

40  hour* 

CU-4A1 

690 

— 

-12.0 

-34.5 

-66.5 

-279.  0 

— 

... 

Cb-4A1-5V 

310 

85  C 

-  2  2 

-19.  3 

-37.0 

-115  0 

-260.  0 

— 

Cb-4Al-15V 

410 

— 

-54.6 

..... 

— 

... 

— 

— 

Cb-4Al-5Ta 

295 

— 

-5.2 

■iJ.  5 

-45  9 

-208.0 

.... 

— 

Cb-4Ai-6Mo 

375 

630 

-  5.4 

-14.0 

-37.2 

-110  0 

-267.  0 

— 

Cb-4AJ-5W 

305 

593 

-  9.  3 

-31.  0 

-57  8 

-H3  0 

-321.0 

— 

0)-4AJ-5T‘ 

347 

358 

-  0.5 

-  8.4 

-20.3 

-  74  0 

-178.0 

Cb  4Al~5Zr 

310 

695 

-  5.5 

-25  6 

-54.  8 

-268. 0 

-630.  0 

Cb-4Ai-5Hf 

300 

330 

-  3.2 

-25.0 

-58.  6 

-223.0 

-601.0 

—  - 

Cb-4AJ-5Cr 

520 

480 

-  8.3 

-17.  7 

-40.  0 

-140.0 

— 

—  - 

Cb-7A1-10TI 

969 

950 

-  2.3 

-16.  8 

-31.6 

-  63.0 

-154.  0 

-344,0 

Cb-5Al-207i 

297 

38? 

-  8,0 

-22.  3 

-39.  3 

-  86.0 

— 

--- 

Cb-8Ai-3QTi 

297 

1097 

1.7 

-  2.8 

10.5 

-  2b.  0 

-  69.0 

-256.. 0 

Cb-10Ai  -50T1 

426 

678 

-  i.  1 

0.2 

-  4.  1 

I  1 

-  19.0 

-  44.5 

Cfe-5AJ-49T! 

254 

536 

-1.8 

-  Vi 

-  9.4 

M 

-  78,9 

-307.0 

Ob-iOAl  -607"! 

468 

74 2 

-oi  i  -*•’ 

-  5.7 

BUS 

-  21.6 

-  46.9 

TABLE  XXXIV 


SUMMARY  OF  OXIDATION  DATA  FOR  Cb-Al  BASE  SOLID-SOLUTION 
ALLOYS  EXPOSED  AT  2500  F 


1  'mln«l 
Cempodtion 

MicroiurdneM 

(UPN) 

1 

Weight  Odn  (m g/cm*) 

(wt  %) 

Orlgind 

Find 

1/8  hour 

1/2  hour 

*  tour 

4  hour* 

12  hour* 

Undloyed  Cb 

— 

— 

-113,0 

-284.0 

Cb-4A1 

£90 

... 

-  18.8 

-  70.3 

-144.0 

-176.0 

— 

Cb-4A1-5V 

310 

900 

-  8.88 

-  40.6 

— 

— 

— 

Cb-4Al-15V 

410 

... 

-  73.7 

... 

— 

— 

Cb-4Al-5Ta 

265 

540 

-  19.7 

•  61.0 

-109.0 

-347.0 

— 

Cb-4Al-5Mo 

325 

-  40,2 

-  79.7 

-18$. 0 

— 

--- 

Cb-4Ai-5W 

305 

700 

-  25.7 

-  70.2 

-116. 0 

-327.0 

Cb-4A1-5T1 

347 

690 

-  e.o 

-  34.0 

-  58.6 

-292.0 

... 

Cb-4Ai-5Zr 

310 

-  57.5 

-176.0 

-317.0 

— 

... 

Cb-4AJ-jHf 

300 

575 

-  44.2 

-116.0 

-199.0 

-590.  0 

— 

Cb-4AJ-5Cr 

520 

910 

0.84 

-  20.2 

-  55.9 

-281.0 

— 

Cb-7Al-10Ti 

969 

885 

-  9.69 

-  27.9 

-  44.6 

-105.0 

— 

Cb-5A1-20T‘. 

297 

530 

-  5. 64 

-  11.3 

-  31.3 

— 

— 

Cb-8Al-30Tl 

297 

614 

0.33 

-  2.49 

-  18.,® 

-  47.3 

-141.0 

Cb-10Al-30Ti 

426 

993 

-  1. 80 

-  0.68 

-  0.7! 

-  27.3 

-  59.8 

Cb-5Al-40Ti 

264 

780 

-  1.55 

-  4.69 

-  16.9 

-  36.3 

-100.0 

Cb-10A1-60T1 

465 

1051 

-  2.46 

-  10.8 

-  19.4 

-  36.5 

-  74.3 

Ternary  solid  solution  alloys  based  on  Cb-4  wt  %  Al,  containing  five  weight 
percent  additions  of  titanium,  zirconium,  hafnium,  vanadium,  tantalum,  chromium, 
molybdenum,  and  tungsten  were  evaluated.  At  2200  F  the  Cb-4Al-5Ti  alloy  was  the 
most  oxidation  resistant  as  determined  by  weight  loss  after  scale  spalling  cr  removal 
The  alloys  containing  chromium,  molybdenum,  tungsten,  and  vanadium  were  more 
oxidation  resistant  than  the  binary  Cb  -4AJ  composition.  However.  an  increase  in 
vanadium  content  from  5  to  15  weight  percent  resulted  in  catastrophic  oxidatior,  which 
was  associated  with  the  foimation  of  a  very  fluid  scale.  The  alloys  <  c-.  .aiaing 
tantalum,  zirconium,  and  hafnium  showed  oxidation  behavior  eoniporabl;  to  the  binary 
alloy.  At  2500  F  a  similar  trend  in  oxidation  behavior  was  noted,  with  the  exception 
that  chromium  appeared  to  be  as  beneficial  an  alloying  addition  as  titanium  in  de¬ 
creasing  scaling  rates  at  the  higher  temperature. 
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Solid  solution  alloys  in  the  Cb-Al-Ti  system,  containing  up  to  60  weight 
percent  titanium  and  10  weight  percent  alumlm"*  were  studied.  Increases  in  either 
the  aluminum  or  titanium  content  resulted  in  a  decrease  in  oxidation  rate  at  both 
2200  and  2500  F.  The  alloys,  Cb-10Al-50Ti  and  Cb-10Al-60Ti,  were  comparable  in 
oxidation  resistance.  The  addition  of  molybdenum  to  these  alloys  was  fo;nd  to  further 
decrease  scaling  rate.  Since  this  system  was  of  primary  interest  to  the  program, 
supplementary  oxidation  studies  were  performed  on  Cb-Ti-Al  and  Co-Ti-Mo-Al  alloys. 

individual  specimens  contained  in  recrystailized  alumina  trays  were  oxidized 
for  1,  4,  and  16  hours  at  2400  F  in  slowly  moving  air.  The  specimens  and  all  scale 
that  spalled  during  exposure  or  cooling  were  weighed.  The  weight  gain  data  are  pre¬ 
sented  in  Table  XXXV.  Oxidation  rates  were  parabolic  and  decreased  with  increased 
aluminum  and  titanium  content.  The  addition  of  10  weight  percent  molybdenum  to 
selected  Cb-Al-Ti  compositions  caused  &  further  decrease  in  oxidation  rate.  The 
effect  was  most  pronounced  in  the  Cb-5Al-20Ti  and  Cb-5 A1-40T1  alloys. 

TABLE  XXXV 

WEIGHT  GAIN  DATA  FOR  Cb-Al  BASE  SOLID-SOLUTION  ALLOYS 

EXPOSED  AT  2400  F 


Alloy 

Compocition 
(wt  %) 

2 

Weight  Gam  (mg/cm  ) 

1  hour 

4  hours 

16  hours 

Cb-4Al-5Ti 

22,6 

105.0 

Cb  4A1-5MO 

64.  0 

153.0 

Cb-5Al~>0Ti 

15.3 

:>8. 6 

99.4 

Cb-  5  A1  -2  QTi- 1  OMo 

1  A  1 

Av**  i 

21.  4 

43. 1 

Cb-5Al-40Ti 

4.55 

11.2 

31.5 

Cb-5Ai  -40Ti  -1  OMo 

2.65 

5.  jU 

11.4 

Cb-"A1-30T1 

4.60 

11.6 

37.2 

Cb-lOAl-  50T i 

3.  25 

6.40 

14.2 

Cb-l0.4J-50Ti-10Mo 

2.  8b 

5.85 

12.  1 

Cb-lOAl-HOTi 

i  ... 

3.65 

7.70 

17.5 
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It  was  concluded  that  sublayers  for  use  with  the  gamma  phase  or  trialuminldes 
studied  earlier  will  have  good  intrinsic  oxidation  resistance,  and  will  have  oxidation 
resistance  adequate  to  complete  a  micron  in  the  event  of  failure  of  the  primary  oxida¬ 
tion  barrier. 

3.3.3  Thermal  Expansion  of  Primary  Barrier  Compositions 

On  tne  analysis  of  the  «Ti-Cr)-Si  coating  (par.  3. 1. 1),  it  was  shown  that  the 
expansion  coefficient  of  a  typical  disiUcide  representative  of  this  costing  was  60  percent 
higher  than  that  of  columbiuir.  alloy  substrates.  The  effect  of  cooling  is  to  cause  thermal 
strains  and  cracking  These  problems  were  discussed  (par.  3.2)  on  suolayers  where 
the  case  was  made  for  an  oxidation  resistant  sublayer,  and,  further,  where  a  tempera¬ 
ture  of  1600  F  wa;  selected  for  oxidation  studies  of  sublayers.  This  selection  was 
based  on  certain  assumptions  with  regard  to  cracking  of  the  primary  barrier  on  cool¬ 
down  as  a  result  of  thermal  strains. 


The  tensile  stresses  that  will  develop  in  the  primary  barrier  of  a  coating  on  a 
columbium  alloy  can  be  approximated  oy  the  following  relation: 


S 

c 


-  E  e 


c  c 


=  Ec(ac-as,AT 


where,  Sc  is  stress  in  primary  barrier 

E  ^  is  the  mean  elastic  modulus  of  primary  barrier  for  the 
c  temperature  range  AT  under  consideration 

f  is  the  strain  in  the  primary  barrier  assuming  Lhe  columbium 
substrate  is  massive  and  rigid 

a  and  Og  are  the  coefficients  of  thermal  expansion  of  the  coating 
and  substrate  (columbium),  respectively 

A  T  is  the  difference  of  temperature  over  which  primary’  barrier 
strains  elastically 

g 

If  Ec  is  assumed  to  be  30  x  10  psi  and  the  interval  AT  =  1900  F,  the  stress 
in  the  (Ti-Cr)-Si  coating  would  amount  to  147,000  psi  at  room  temperature.  It  ir  fully 
expected,  therefore,  that  the  coating  will  be  erase  cracked  after  thermal  cycling. 


The  most  important  factor  in  the  equation  is  (a  -  a  ).  Reference  to 

C  6 

Samsonov’s  Handbook  of  High-Temperature  Materials  shows  that  the  elastic  modulus 
term  varies  by  a  iactor  of  less  than  two  fox  several  silicides  with  no  data  on  aiuminideo 
Much  g. cater  vari  Uoo  will  come  from  the  differential  expansion  coefficient  term. 
Hence,  measurement  of  expansivity  is  required  to  assess  the  magnitude  of  this  cause 
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of  defects.  TLe  work  was  oriented  to  lead  to  primary  barrier  compositions  that  would 
avoid  c recking  on  thermal  cycling. 

Thermal  Expansion  of  Disilicides 

A  large  number  of  binary,  ternary,  anc.  quaternary  disilicides  were  prepared 
from  the  pseudo  systems  such  as  the  pseudo  binary  M'S12  -  The  silicides  were 

prepared  by  mixing  together  the  elemental  materials  and  molting  in  a  nonconsumable 
arc  melter.  The  ingot  formed  was  then  crushed  into  powder  and  reconaolidated  by  cold 
pressing  at  10, 000  pel  into  a  bar  0. 25  inch  square  by  2. 0  inches  long  followed  by  winter¬ 
ing  for  seven  hours  at  2200  F  in  gettered  argon.  The  expansion  of  specimens  was 
measured  in  the  same  equipment  previously  described  for  sublayers.  All  specimens 
were  measured  after  dilatation  to  determine  resisidual  shrinkage.  None  was  observed. 

The  test  results  for  the  disilicides  arc  shown  in  Table  XXXVI.  The  data  are 
reported  as  either  constant  over  the  test  range  of  room  temperature  to  18 1C  F  or  as 
a  tangent  to  the  expansion  curve  at  400  degrees  and  1800  degrees  F,  if  it  was  variable 
over  this  range.  These  data  are  quite  interesting,  in  that  they  show  that  with  rare 
exceptions  the  coefficients  of  expansion  of  disilicides  are  much  higher  than  columbium 
alloy  substrates.  Only  the  simple  binary  silicides  of  molybdenum,  tungBten,  and 
columbium  are  near  the  expansion  of  the  columbium  alloys,  with  only  the  molybdenum 
and  tungsten  disilicideo  matching  close  enough  so  that  stress  cracks  between  the  two 
..  -trials  would  not  he  expected  to  occur.  All  silicides  containing  Ti-Cr  or  V-Cr 
showed  extremely  high  expansions.  Those  containing  the  more  refractory  elements, 
molybdenum,  tungsten,  or  columbium  showed  lower  expansions.  Ideally  then,  from 
an  expansion  standpoint  alone,  these  elements  should  be  maximized  in  coating  systems. 

Thermal  Expansion  of  Trisilicides  (Mei>i„) 

“  i  .  .  -..r.  ■  O  O 

Tae  M^Si^  siliciaes  form  a  potential  intermediate  laver  between  the  disili rides 
(MSk,)  and.  the  sublayers.  The  significance  of  these  silicides  is  that  they  may  provide* 
an  intermediate  expansion  layer  between  the  more  protective  disilicides  arid  the  sub¬ 
layers.  Fhey  may  also  form  a  c  rack  stoppage  layer  if  the  stresses  are  minimized. 

The  evaluation  of  the  thermal  expansion  of  the  trisUicides  was  much  mere  limited 
than  the  disilicides,  since  the  eignlfkaoe**  of  these  materials  is  not  well  established. 
Also,  a3  these  silicideo  lucre  a***  u*.  mount  in  coalings,  the  resistance  to  oxidation 
usually  but  not  always  decreases 


Composition 

Number 


Nominal  Composition 
(at.  %) 


18.  7T1-14. 6M0-66.  7Si  (A) 
24Ti-8Mo-68Si  (N) 

8.  7TI-11 . 3Mo-10. 6CL-69. 3Si  (A) 
16.  5Ti-6.  5M-10Cb-68Si  (N) 

20.  9Ti-15. 1W-64.  OSi  (A) 
24Ti-8W-68Si  (N) 

9. 6Ti-10.  7W-4Cb-72.  4Si  (A) 

16.  lTi-4.  7W-14. 2Cb-65.  ISi  (A) 
16.  7Ti-16.  7Cr-66,  6Si  (A) 
24Ti-8Cr-68Si  (N) 

9. 6Ti-23.  3Cr-67.  2Si  (A) 

14.  2Ti-ll.  lCr-10. 4Cb-S4. 3Si  (A) 
16.  5Ti-5.5Cr-lOCb-68Si 
7. 2Ti-14. 9Cr-l0.  9Cb-67.  OSi  (A) 

14.  4V-17.  7Cr-67.  9Si  (A) 

8.3V-24.  7Cr-67.  OSi  (A) 

24.  3V~7.7Cr-67.5Si  (A) 
10.lV-10.9Cr-P.8Co-69.lSi  (A) 

5. 5V-17.  OCr-9.  7Cb-67,  8Si  (A) 

15.  5V-9. 5Cr-10.  OCb-65.  OSi  (A) 
14. 2V-16. 6Cb-69.  ISi  (A) 

31.  7Mo-68.  3Si  (A)1 (2) 

30. 5W-69. 5Si  (A) 

30.4V-69.6Si  (A) 

33Cb-67Si  (A) 

33Ti-67Si  (N)  0) 

33Cr-67Si  (N) 


Coefficient  of  Expansion/ 
Degree  F  x  10® 


400  F  Constant  1800  F 


1.  N  -  Nominal 

2.  A  -  Analyzed 
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The  specimens  for  this  study  were  prepared  in  a  similar  manner  to  the 
disilicides.  The  thermal  expansion  coefficients  for  the  M^Si„  silicides  evaluated  are 

O  o 

shown  in  Table  XXX VII.  Three  of  these  results  were  unexpected: 

•  The  thermal  expansion  of  TigSi„  compositions  were  considerably  lower 
than  VsSio  and  Cr5Si3,  which  would  not  be  expected  from  the  data  on  the 
disilicides  (Table  XXXVI). 

•  The  thermal  expansion  of  Cb5Sig  was  lower  than  Mo^Sig,  which  also 
indicates  divergence  from  the  disilicide  data. 

TABLE  XXXVII 

THERMAL  EXPANSION  OF  VARIOUS  TRISILICIDES  (MgSig) 


Composition 

Number 

Nominal  Composition 
(at.  %) 

Coefficient  of  Expansion/ 
Degree  F  x  106 

400  F 

Constant 

1800  F 

31 

62.  5Ti-37.  5Si 

5.38 

5.97 

32 

62. 5Cr-37. 5Si 

7.3 

8.97 

33 

62. 5Cb-37. 5Si 

4.24 

5.48 

34 

62.  5V-37.5Si 

5.85 

7.57 

35 

62.  5Mo-37.  5Si 

4.54 

5.46 

36 

31.  3Tj-31. 3Cr-37. 4Si 

6.03 

7.  36 

37 

20.  8Ti-20.  8C  20.  8Cb-37. 6Si 

5.64 

6.92 

38 

31.  3T1  -31. 3Mo-37. 4Si 

5.61 

39 

20.  8Ti'20.  8Mo~20.  tCb-37. 6Si 

5.22 

40 

31.  3V-31. 3Cr-37.  <?3i 

6.08 

7.2 

43 

2C.  PV-20.  8Cr-20.  8Cb-37. 6Si 

5.75 

6.47 

The  rate  of  expansion  of  all  of  the  binary  M,Si„  silicides  showed  rapid  changes  wich 
temperature,  vVith  t'.e  binary  disilicides,  a  constant  expansion  rate  was  noted  over  a. 
range  of  100  to  1800  F  with  the  exception  of  CrSig.  The  thermal  expansion  data  on  the 
ternary  and  quaternary  compositions  follow  essentially  the  trend  that  would  be  pre¬ 
dicted  flora  the  rule  of  mixtures.  That  is,  the  composition  containing  molybdenum  or 
molybdenum  and  columbium  had  lower  expansion  coefficients  than  compositions  con¬ 
taining  titanium  and  chromium  or  vanadium  and  chromium.  Although  no  direct  com¬ 
parison  of  identical  ratios  of  the  various  metals  in  the  complex  MgSig  and  MSi2  silicides 
was  possible,  the  MgSi^  compositions  tended  to  exhibit  the  lower  expansions  as  can  be 
seen  by  comparison  of  the  trisilicide  and  disilicide  data. 
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Thermal  Expansion  of  Almninides 

The  thermal  expansion  behavior  of  several  trialuminide  compositions  was 
determined  between  room  temperature  and  1800  P.  The  expansion  measurements 
were  made  at  Solar  using  previously  described  techniques.  Specimens,  approximately 
0. 25  inch  square  by  1. 0  inch  long,  were  prepared  at  IITRI  by  sectioning  arc-melted 
homogenized  ingots. 

The  coefficients  of  thermal  expansion,  determined  from  the  slope  of  the  ex¬ 
pansion  curve  between  approximately  800  and  1800  F,  were: 


Compound 

Coefficient  of 
Thermal  Expansion 
in, /in. /degree  F  x  10~6 

TlA13 

8.86 

*Tl0.5,Cb0.5)A13 

7.74 

Cb^lc 

7.08 

*Cb0.9,Cr0.1)A13 

7.2 

The  expansion  value  for  CbAJ^,  reported  above,  was  obtained  from  Reference  12. 
The  experimental,  value  for  TiAJ  ,  was  somewhat  high  since  there  was  evidence  of  free 

O 

aluminum  in  the  sample. 

The  results  show  that  substitution  of  both  chromium  and  titanium  for  coluxn- 
bium  in  CbAlg  increase  the  expansivity  of  the  compound.  Umorranately,  the  influence  of 
molybdenum  substitutions,  which  could  be  expected  to  decrease  expansivity,  was  not 
determined. 

The  coefficients  of  thermal  expansion  for  selected  gamma  alloys,  determined 
from  the  slope  of  the  expansion  curve  oetween  approximately  800  and  1800  F  are 
summarized  in  Table  XXXVIII.  The  data  indicated  that  a  severe  mismatch  would 
exist  between  the  alloys  and  a  columbium  alloy  substrate.  Thus,  the  requirement  for 
ductility  in  the  gamma  layer  becomes  even  more  essential.  It  was  encouraging  that 
the  substitution  of  columbium  or  tantalum  for  titanium  in  gamma  alloys  decreased  the 
expansivity.  Chromium,  however,  appeared  to  markedly  increase  expansion.  The 
expansion  coefficients  of  molybdenum-containing  gamma  alloys  were  not  determined; 
however,  these  would  be  expected  to  be  lower  than  the  binary  compound. 
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TABLE  XXXVm 

COEFFICIENTS  OF  THERMAL  EXPANSION  FOR  SELECTED  GAMMA  ALLOYS 


Nominal  Composition 

Coefficient  of 

Thermal  Expansion, 

in.  /in.  /degree  F  x  10"6 

(at.  %) 

(wt  %) 

T*A1 

Ti-36A1 

8.24 

^O.  9^0.1^ 

Ti-34Al-12Cb 

8.10 

Tl0.  8^0.  2^ 

Ti-32Al-23Cb 

7.52 

Ti0.  9Ta0, 1^ 

Ti-30Al-20Ta 

7.93 

Tl0.  8Ta0.  2^ 

Ti-26.  6A1-35.  7Ta 

7.85 

ri0.  9Cr0. 1^ 

Ti-35.8Al-6.9Cr 

9.  70 

Ti-41A1 

8.12 

Measurements  were  made  on  approximately  one  inch  long  arc-melted 
specimens  in  a  Gaertner  D1200  fused  quartz  dilatometer.  Heating  time 
to  1800  F  was  eight  hours.  All  values  are  corrected  for  the  expansion 
of  fused  quartz  (0. 3  inch  x  10“®/degree  F). 

Discussion  of  Expansion  Effects 

A  simple  relationship  for  the  calculation  of  coating  stress  was  given  in  the 

introduction  to  this  section.  Table  XXXIX  shows  some  results  calculated  for 
6 

E  =  30  x  10  psi  and  AT  =  1900  F  (assuming  no  cracking  on  cooling  to  room 

c 

temperature). 

A  major  problem  with  aluminides  is  the  gross  disparity  in  expansion  with  a 
columbium  alloy  substrate.  This  problem  has  plagued  aluminum-base  alloy  coatings 
for  the  refractory  metals  unless  the  coating  was  partially  molten  (e.  g.  t  Al-Sn  or 
Ag-Al-Si). 

Even  with  the  silicides,  expansion  matching  is  not  good  except  for  the  disilicides 
of  tungsten  and  molybdenum,  zid  the  trisilieide  of  columbium.  As  an  example,  com¬ 
positions  containing  Ti-Cr-Cb-Si  (comparable  to  the  TRW  (Ti-Cr)-Si  coating)  had 

—6 

average  expansions  of  at  least  7. 0  x  10  in.  /in.  /  degree  F  for  the  appropriate  disilicide 

and  6. 3  x  10  in.  /in.  /degree  F  in  the  MRSi,  composition.  Substituting  molybdenum  or 

06  -3 

tungsten  for  chromium  in  this  composition  reduced  the  expansion  to  below  5. 2  x  10 

in.  /in.  /degree  F,  but  these  values  remain  considerably  above  the  average  expansion 

of,  for  example,  the  Cb752  alloy;  that  is  4.59  x  10-6  in. /in. /degree  F. 
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TABLE  XXXIX 


RETAINED  STRESS  IN  HYPOTHETICAL  COATINGS  ON  0)752  ALLOY 


Coating 

Composition 
(at.  %) 

Strain 
(in.  /in. ) 

Calculated  Stress 
in  Coating 
(ksi) 

7. 2Ti-14. 9Cr-lO.  9Cb-67.  OSi 

0. 0049 

147 

8.  7Ti-ll.  3Mo-10.  GCb-67.  OSi 

0. 0021 

62 

9.  GTi-10.  7W-7. 4Cb-72. 4Si 

0. 0022 

66 

10. 1 V-10. 9Cr-9. 8Cb-69.  ISi 

0, 0042 

126 

20.  8Ti-20. 8Cr-20. 8Cb-37.  OSi 

0. 0033 

98 

20.  8V-20. 8Cr-20.  8Cb-37.  OSi 

0. 0029 

86 

Cb5S13 

0.00051 

15 

CbSi2 

0. 0014 

43  | 

M°5Si3 

0. 00078 

23 

MoSig 

0. 00049 

14 

WSi2 

0. 00013 

4 

TiAl3 

0. 0081 

243 

CbAI3 

0.  0049 

147 

TiAl 

0. 0069 

207 

Legend:  Coating  substrate  equilibrated  at  2000  F  and  cooled  to  100  F 
Coating,  E  =  30, 000  ksi 
a  for  Cb752  =  4.  59  x  10-®  in.  /in.  /degree  F 


Reference  has  been  made  to  the  results  on  expansion  of  silicides  characteris¬ 
tic  of  the  (Ti-Cr)-Si  coating  (par.  3. 1. 1).  Verification  that  the  results  on  synthesized 
disilicides  were  representative  of  coatings  was  provided  by  measurements  ondisilicides 
cracked  from  the  cold  ends  of  tensile  and  environmental  test  specimens  available  from 
previous  Air  Force  programs  at  Solar.  The  coating  was  removed  by  hand  bending  and 
by  passing  the  specimen  through  mating  gears.  The  expansion  specimen  was  prepared 
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by  cold  pressing  and  sintering,  as  previously  leicribed  for  the  are-melted  materials. 
This  specimen  gave  a  uniform  expansion  between  room  temperature  and  1800  ?  with  a 
coefficient  of  expansion  of  7. 37  x  10“°  in.  /in.  /degree  F.  This  was  approximately  the 
value  expected  for  the  typical  composition  of  the  disilicides  in  the  (Ti-Cr)-Si  coating 
(e.  g. ,  18  at.  %  Cr,  10  at.  %  Ti,  6  at.  %  Cb  and  67  at.  %  Si)  as  can  be  seen  by  com¬ 
parison  with  Figure  8  and  Table  XXXVI.  Hence  the  validity  of  the  data  has  been  checked 
indirectly. 

A  further  experiment  was  tried  to  confirm  that  a  silicide  showing  close  match 
to  a  columbium  alloy  substrate  could  actually  be  developed  from  a  metal  and  be  rela¬ 
tively  free  of  craze  cracks.  The  combination  of  Cb752  alloy  and  molybdenum  disilicide 
was  chosen  for  this  experiment.  To  prepare  the  specimens,  0.5  square  inch  of  pure 
molybdenum,  0.002  inch  thick,  was  diffusion  bonded  to  0.012-inch  Cb752  alloy  using 
an  0. 0003-inch  intermediate  layer  of  pure  titanium.  Diffusion  bonding  conditions  were 
as  follows:  pressure  -  9,000  psi;  temperature  -  2200  F;  time  -  10  seconds;  atmosphere 
-  argon.  The  specimens  were  siliconized  in  a  pure  silicon  pack  (-20  +  50  mesh)  con¬ 
taining  0. 04  percent  NaV  at  2000  F  for  15  hours.  The  specimens  and  typical  Ti-Cr-Si 
coated  specimens  are  shown  in  Figure  50.  The  difference  in  the  frequency  of  craze 
cracks  is  quite  apparent.  However,  it  should  be  noted  that  the  molybdenum  disilicide 
was  not  completely  free  of  cracks.  A  quantitative  evaluation  was  made  of  the  number 
of  cracks/inch.  The  Ti-Cr-Si  coating  showed  545  cracks/lineal  inch;  whereas,  the 
molybdenum  disilicide  coating  had  only  75  cracks/inch.  This  comparison  is  a  further 
indication  that  improvement  can  be  effected  by  a  close  match  of  expansivity.  One 
factor  that  has  been  ignored  in  this  work  is  anisotropy.  Figure  50  shows  a  distinct 
columnar  growth  that  is  believed  to  have  a  preferred  orientation.  Because  the  silicides 
of  interest  have  uniaxial  or  biaxial  crystal  symmetries,  such  anisotropy  is  to  be 
expected  and  has  been  found  in  the  cases  where  studies  have  been  made  (Ref,  l4). 

Hence,  the  expansion  match  may  not  be  close  in  the  transverse  direction. 

Another  point  that  must  be  considered  is  the  question  of  failure  probability. 

If  failure  can  begin  at  the  root  of  any  crack,  then  reduction  of  the  density  of  cracks 
will  not  be  of  benefit  until  the  last  crack  is  eliminated. 


Molybdenum 

Dlsilicide 

Coating 
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Cb752  Substrate 


FIGURE  50.  COMPARISON  OF  CRAZE  CRACKING  IN  MoSi„  AND  (Ti-Cr)-Si 
COATED  Cb752  ALLOY 
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2. 4  EVALUATION  OF  ALL  BODY  CENTERED  CUBIC  SYSTEM 


This  concept  was  designed  to  introduce  chromium  and  aluminum  into  the 
coating  without  forming  the  brittle  compounds  CbCr2  and  Cl  Although  the  Laves 
phase,  CbCrg,  forms  in  the  Cb-Cr  system,  the  Cb-V  and  V-  °  '  ■■  -.-ms  are  simple 
bod}^  centered  cubic  solid  solutions.  Hence  the  coating  sequence  Cb-V-Cr  will  remain 
a  solid  solution  until  the  diffusion  of  columbium  and  chromium  into  the  vanadium  reach 
the  concentration  of  the  two  phase  field,  #  +  MCr^.  in  the  ternary  system.  Even  at 
this  composition,  discontinuous  panicles  of  Laves  phase  will  form  rather  than  a  con¬ 
tinuous  layer  as  would  be  the  case  if  the  chromium  were  deposited  directly  on  the 
oolumbium. 

Review  of  other  systems  shows  that  the  Cb-  Mo-Cr  and  Cb-W-Cr  systems 
have  the  same  characteristics  as  the  Cb-V-Cr  system. 

Once  a  chromium  layer  is  available,  other  body  centered  cubic  oxidation- 
resistant  alloys  can  be  placed  on  top.  Examples  would  be  Fe-Cr-Al,  Fe-Cr-Y,  and 
derived  alloys  from  these.  However,  the  problem  again  appears  to  be  one  of  diffusion 
control  to  preserve  an  adequate  level  of  chromium,  aluminum,  and  yttrium  at  the  outer 
surface  and  to  avoid  excessive  diffusion  of  compourd-forming  elements  through  the 
chromium  to  the  vanadium,  molybdenum,  or  tungsten.  The  experimental  approach  was 
to  prepare  diffusion  couples  of  selected  element  sequences  to  establish  potential  coating 
lives  and  determine  any  .adverse  effects  as  a  result  of  interdiffusion.  The  most  prom¬ 
ising  barrier  combinations  were  also  prepared  as  bonded  specimens  for  oxidation 
evaluation  at  2300  and  2500  F. 

3.4.1  Diffusion  Barrier  Study 

Initial  effort  was  directed  to  study  the  rates  of  interdiffus'or.  between  the 
Cb-Fe-25Cr-5Al  alloy  and  the  potential  diffusion  barrier  materials.  The  following 
diffusion  couples  were  prepared  and  annealed  in  vacuum  at  2300  F  fcr  1,  15,  20,  and 
200  hours: 

Cb-W  Cb- V-(  Fe-25Cr-5Al) 

Cb-Mo  Cb-(V-15Cr)-{Fe-25Cr-5Al) 

Cb-V  (Fe-25Cr-5Al)-Cr-(V-15Cr) 

Cb-(V-15Cr)  (Fe-25Cr-5Al)-Cr-Mo 

Co-Mo-(Fe-25Cr-5Al)  (Fe-25Cr-5Al)-Cr-V 

Cb-W-(Fe-25Cr-5Al)  (Fe-25Cr-5Al)-Cr-W 
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The  couples  were  prepared  using  specimens  approximately  0.375  inch  in 
diameter  that  varied  in  thickness  from  0. 001  to  0. 020  inch.  The  assembled  couples 

w 

were  placed  in  a  threaded  molybdenum  clamping  fixture  then  annealed  using  a  procedure 
similar  to  that  described  by  Passmore  (Ref.  IS).  All  materials  were  commercially 
available  for  this  work  except  chromium.  The  chromium  was  prepared  by  vacuum 
evaporation  of  high-purity  iodide  chromium  onto  couples  and  by  the  preparation  of  foil 
from  arc-melted  Cr-IY  button  ingots.  These  ingots  were  initially  hot  rolled  at 
2000  F  to  0. 030-inch  sheet.  The  sheet  material  was  subsequently  warm  rolled,  in  a 
stainless  steel  pack,  to  produce  foil  varying  in  thickness  from  0. 003  to  0. 005-inch. 

This  material  was  electrolytieally  etched  in  an  ethanoi-HF-H2S04  solution  prior  to 
use  in  the  diffusion  couples . 

Diffusion  results  were  obtained  from  microhardness  traverses  on  polished 
sections  of  the  annealed  coyples .  A  diamond  pyramid  indentor,  using  a  load  of  15  to 
10C  grams,  was  employed.  The  load  employed  was  varied,  depending  on  the  hardness 
of  the  substrate,  to  produce  indentations  having  a  diagonal  length  of  20  to  30  microns. 

Of  the  three  bcc  metals  -  vanadium,  molybdenum,  and  tungsten  -  considered  as 

a 

carrier  materials  for  columbium,  molybdenum,  and  tungsten  were  considerably  more 
effective  in  limiting  diffusion  than  was  vanadium.  The  extent  of  interdiffusion  between 
columbium  and  vanadium  after  50  hours  at  2300  F  was  approximately  95  microns 
(3. 7  mils).  Columbium  diffused  more  rapidly  into  vanadium  resulting  in  a  solution¬ 
hardening  peak  of  about  500  DPH  at  a  distance  of  0. 001  inch  from  the  original  interface. 
After  200  hours  the  hardness  peak  was  at  the  same  level,  but  was  displaced  to  approxi¬ 
mately  0. 002  inch  from  the  original  interface.  The  overall  extent  of  interdiffusion  was 
greater  than  0. 005  inch  after  the  200-hour  anneal. 

In  Cb-Mo  and  Cb-W  couples,  no  appreciable  interdiffusion  distance  could  be 
defined  even  after  200  hours  at  2300  F.  Slight  hardening  was  detected  in  the  Cb-Mo 
ccuple.  An  indentation,  having  a  diagonal  length  of  20  microns,  made  lightly  on  the 
molybdenum  side  of  the  Cb-Mo  interface  showed  a  hardness  of  235  DPH  oompared  to  an 
average  value  cf  186  DPH  for  the  molybdenum.  In  the  200  -hour  annealed  Cb-W  couple, 
the  hardness  in  this  vicinity  was  425  DPH.  No  appreciable  hardening  of  the  columbium 
could  be  detected  in  either  case;  the  extent  of  overall  diffusion  appeared  to  be  well 
under  0. 5  mil  under  these  annealing  conditions. 


Chromium  aaO  vanadium  were  selected  as  barriers  between  the  Fe-Cr-Al 
alloy  and  substrate.  However,  the  extent  of  interdiifueion  between  the  Fe-25Cr~5Al 
alloy  and  both  of  these  materials  was  quite  appreciable  at  2300  F.  Figure  51  shows 
the  hardness  traverse  obtained  for  diffusion  couples  composed  of  these  materials  after 
annealing  for  50  and  200  hours.  In  Figure  51A  it  may  be  seen  that  considerable  solution 
hardening  had  occurred  in  the  V  (Fe  -25Cr-5Al)  couple  after  50  hours;  interdiffusion 
for  a  distance  greater  than  0. 010  inch  liad  occurred.  The  extent  of  diffusion  in  the 
Cr-(Fe-25Cr~5Al)  couple  was  less  but  still  quite  appreciable,  particularly  after  200  hours. 
.High  hardness  peaks  were  noted  in  both  couples  in  the  vicinity  of  the  original  interface. 
Vanadium  caused  pronounced  solution  hardening  of  the  Fe-25Cr-5Al  alloy. 

Diffusion  couples  of  V-Cr,  (V-l5Cr)-Cr,  Mo-Cr,  and  W-Cr  were  studied  to 
determine  their  suitability  as  potential  intermediate  diffusion  barriers.  Both  the 
vanadium  and  V-15Cr  alloys  appeared  to  be  suitable  diffusion  barriers  for  chromium 
with  respect  to  the  extent  of  hardening  resulting  from  interdiffusion.  The  highest 
hardness  detected  in  either  V-Cr  or  (V-!5Cr)-Cr  couples  diffused  for  50  hours  at 
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2300  F  was  385  DPN,  The  width  of  the  diffusion  zone  formed  in  the  V-Cr  couple  was 
45  microns  <1. 8  mils)  after  this  exposure.  Although  relatively  slow  diffusion  rates  were 
apparent  in  the  W-Cr  and  Mo-Cr  systems,  significant  hardening  at  the  interface  of  the 
diffusion  couples  was  observed.  In  the  Mo-Cr  couple  this  hardness  was  450  DPN  after 
50  hours,  and  in  excess  of  600  DPN  after  200  hours.  In  W-Cr  couples,  a  hardness  of 
575  DPN  was  developed  after  50  hours.  The  width  of  the  diffusion  band  was  narrow  in 
each  system  and  could  be  defined  on  the  basis  of  hardness  traverse  data  or  metal  lo- 
graphic  interpretation.  On  the  basis  of  the  diffusion  data  it  appeared  that  the  most 
compatible  systems  for  the  development  of  a  continuous  bcc  coaling  system  are 
Cb-Mo-Cr-(Fe-Cr-Al)  or  Cb-Mo-(Fe-Cr-Ai).  Tungsten  appeared  to  offer  no  sig¬ 
nificant  advantage  over  molybdenum.  Vanadium  was  ineffective  as  a  diffusion  barrier 
for  either  coliunoium  or  the  Fe-25Cr-5Al  alloy. 

Diffusion  couples  of  the  above  systems  were  prepared  using  layer  thicknesses 
approaching  those  that  would  exist  in  a  realistic  coating  system.  The  results  of 
diffusion  annealing  couples  composed  of  0. 007  inch  of  Fe-25Cr-5Al,  a  0. 003-incb  layer 
of  chromium,  0. 002-inch  of  molybdenum,  and  a  0. 030-inch  columbium  substrate  for 
50  and  200  hours  at  2300  F  appear  in  Figure  52.  A  pronounced  hardening  peak  occurred 
at  the  Cr-Mo  interface.  A  hardness  peak  was  also  noted  in  the  Fe-Cr-Ai,  particularly 
after  the  200-hour  exposure.  A  hardness  gradient  also  existed  in  the  substrate  to  a 
depth  of  nearly  0. 010  inch. 

3. 4. 2  Oxidation  Results 

The  behavior  of  these  systems  under  oxidizing  conditions  was  investigated  by 
preparing  diffusion  bonded  specimens  suitable  for  oxidation  testing.  Two  types  of 
specimen  preparations  were  used.  In  one  method,  1.  5-inch  wide  specimens  composed 
of  a  columbium  core,  the  appropriate  diffusion  barrier  materials,  and  Fe-25Cr-5Al 
cover  plates  were  diffusion  bonded  between  tungsten  plates  in  a  bolted  fixture  at  2000  F 
in  vacuum,  These  specimens  were  subsequently  clamped  in  a  water-cooled  copper 
fixture  which  protected  the  exposed  edges.  Oxidation  was  accomplished  by  heating  the 
center  portion  of  the  specimen  in  an  Og-H^  torc^  A11  alternate  method  con¬ 

sisted  of  diffusion  bonding  0.5-inch  square  couples,  having  1.5  inch  wide  cover  plates 
of  Fe-25Cr-5Al  alloy.  The  diffusion  bonding  was  carried  out  in  vacuum  at  Solar. 
Subsequently,  the  edges  of  the  couples  were  sealed  using  he  Rare  welding  with 
Fe-25Cr-5Al  shims  oe tween  the  cover  plates.  These  specimens  were  them  oxidized 
in  static  air  in  a  muffle  furnace. 
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FIGURE  52.  HARDNESS  TRAVEIH5K  DATA  FOR  SPECIMENS  ANNEALED  IN 
VACUUM  AT  2300  F 

The  bonded  specimens  were  run  up  to  28  hours  at  2300  F,  and  10  hours  at 
2500  F  with  cycling  to  room  temperature  after  each  one-hour  exposure.  Figure  53 
shows  the  hardness  profile  of  a  specimen  oxidized  for  eight  hours  is  static  air  at 
2300  F.  This  specimen  was  composed  of  the  following  layers: 


Layer 

On.) 

Fe-25Cr-5Al 

- 

0.005 

Chromium 

- 

0.003 

Molybdenum 

- 

0. 001 

Columhittffi 

- 

0.020 

Molybdenum 

- 

0.001 

Chromium 

- 

0.003 

Fe-23Cr-5AI 

_ 

0.005 
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FIGURE  53.  HARDNESS  TRAVERSE  OF  DIFFUSION  BONDED  SPECIMENS 
OXIDIZED  IN  STATIC  AIR  EIGHT  HOURS 

A  photomicrograph  of  the  structure  of  the  oxidized  specimen  is  shown  in 
Figure  34.  The  Fe-25Cr-5Al  layer  contaired  a  well  defined  oxide  precipitate;  however, 
the  hardness  of  this  material  was  not  significantly  altered  as  may  be  seen  in  Figure  53. 
Considerable  interdiffusion  occurred  between  the  Cr-{Fe-25Cr-5Al)  sod  the  Cr-Mo  layers. 
A  high  hardness  peak  at  the  Cr-Mo  interface,  similar  to  that  observed  in  the  vacuum 
annealed  couples,  was  apparent.  A  hardness  gradient  existed  in  the  columbium  which 
corresponded  U,  the  presence  and  distribution  of  a  discontinuous  precipitate  (Fig.  54). 

The  composition  of  this  phase  was  identified  by  electron  microprobe  analysis. 

Specimens  exposed  fo  .shorter  times  and  at  higher  temperatures  did  not  show 
the  oxide  precipitate  in  the  Fe-Cr-Al  alloy.  This  may  be  seen  in  Figure  55,  which  shows 
the  microstructure  of  a  specimen  oxidized  for  one  hour  at  2450  F.  The  hardness  of  the 
Fe-Ci-Al  layer  was  quite  high,  showing  an  average  value  of  575  DPN.  Specimens 
oxidized  at  2500  F  for  1  and  10  hours  showed  similar  high  hardness  values  for  the 
Fe-Cr-Al  alloy;  the  hardness  increased  with  longer  exposure  times.  The  high  hardness 
peaks  at  the  Cr-Mo  interface  were  not  apparent  in  the  specimens  oxidized  at  higher 
temperatures. 
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Specimens  oi  the  contin&oue  bee  coating  systems  that  were  oxidation  tested  at 
2309  and  2500  F  were  examined  by  electron  microprobe  analysis  in  an  effort  to  clarify 
the  cause  of  harderlng  reactions  occurring  at  the  Mo-(Fe-Cr-Al)  or  Mo-Cr  interfaces 
and  to  identify  the  second  phase  observed  in  the  columbium  substrate-  ft  appeared 
d>a*  hardening  at  the  molybdenum  interface  was  due  to  the  formation  of  a  phase  rich 
in  iron*  presumably  a  a  -phase  of  die  Fe(Cr-Mo)  type.  Iron  was  also  found  to  be 
present  in  large  quantities  in  the  precipitated  phase  occurring  in  the  columbium.  The 
presence  of  aluminum  in  these  reaction  zones  was  not  detected. 

Consequently,  from  these  results  it  was  apparent  that  an  iron-free  material 
would  be  required  as  the  reservoir  coating  in  a  system  of  this  type.  Chromium-base , 
Cr-Al  solid  solutions  were  considered  for  this  purpose.  Alloys  of  Cr-5  wt  %  A1  and 
Cr-15  wt  %  Ai  ,vere  prepared  to  determine  their  oxidation  behavior  and  assess  their 
potential.  Beth  alloys  were  found  to  be  extremely  brittle  in  the  as-cast  condition. 
Oxidation  studies  were  run  at  2400  and  2500  F.  At  the  lower  temperature,  the  follow¬ 
ing  results  were  obtained. 


Nominal 

Composition, 

Weight  Gain  (mg/cm2) 

(wt  %) 

1  hour 

4  hours 

16  hours 

Cr-5A1 

7.10 

22.4 

— 

Cr-15A1 

3.19 

6.67 

21.2 

Internal  oxidation  occurred  in  both  materials,  extending  to  a  greater  depth  in 
the  lower  aluminum  alloy.  An  adherent  scale  was  formed  on  the  Cr-15AI  but  not  on  the 
lower  aluminum -containing  alloy.  At  2500  F  similar  results  were  obtained,  and  con¬ 
siderably  greater  weight  gains  and  depths  of  internal  oxidation  were  observed.  In  view 
of  these  results,  further  exploratory  studies  were  abandoned. 

3. 4. 3  Discussion  of  Results 

Although  work  was  stopped  on  this  system  because  of  the  problems  of  inter¬ 
diffusion  and  internal  oxidation,  the  approach  has  definite  potential  for  a  short-life 
coating  of  high  reliability.  Short-life  coatings  were  not  to  be  considered  within  the 
scope  of  this  work,  however. 

The  diffusion  data  show  a  peak  hardness  of  780  VHN  after  200  hours  at  2300  F, 
resulting  from  iron  diffusion  through  the  chromium  (Fig.  52).  This  hardness  is  not 
excessive  and  is  much  less  than  typical  silicides.  Optimization  of  compositions  is  no 
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Souht  possible  because  the  typical  Fe-Cr-Al  alloys  with  optimum  compositions  do  not 
oxidise  internally  as  readily  as  observed  here.  Higher  slum  num  contents  and  lower 
iron  contents  might  be  studied. 

3. 5  SELECTION  OF  COATING  SYSTEMS 

m 

Three  systems  were  considered  in  this  program.  These  were: 

•  The  all  body  centered  ctbic,  ductile  coating  system 

•  The  primary  barrier  of  high  oxidation  resistance  with  a  mildly  oxidation 
resistance  sublayer  to  resist  oxidation  at  the  root  of  the  cracks. 

•  The  primary  barrier  system  with  highly  oxidation  resistant  substrate 
able  to  resist  oxidation  for  sufficient  time  to  complete  a  mission  in  the 
event  of  gross  primary  carrier  failure. 

The  ductile  system  based  on  the  all  body  centered  cubic  solid  solution  was 
studied  by  means  of  the  model  system,  Cb-Mo-Cr-(Fe,  Cr,  Al).  Although  coatings  of 
0. 005  to  0. 007  inch  were  used,  the  life  was  limited  by  interdiffusion  and  the  oxidation 
rate  of  the  alloy.  Because  the  objectives  of  the  program  were  not  directed  to  short¬ 
life  coatings,  it  was  not  recommended  that  this  type  of  coating  be  scaled  up. 

The  third  type  of  system  requires  a  eolumbium-rich  alloy  that  can  be  applied 
to  the  substrate  and  provide  a  minimum  of  one  hour  life  at  2400  F.  No  alloy  with  * 

adequate  oxidation  resistance  to  meet  this  goal  was  discovered,  so  that  no  further 
work  could  be  performed  with  this  approach. 

All  additional  work  was  performed  on  systems  of  the  second  type  where  a 
ductile  but  midly  oxidation-resistant  layer  is  applied  before  the  primary  barrier. 

Thu  was  called  the  effective-ductility  approach.  The  sublayer  has  sufficient  ductility 
to  stop  cracks  that  start  in  the  primary  barrier  and  sufficient  oxidation  resistance  to 
prevent  excessive  oxidation  at  the  root  of  these  cracks.  However,  some  systems  could 
be  selected  for  coating  process  development  at  chis  point,  whereas  other  systems  re¬ 
quired  examination  ii.  more  detail  preparatory  to  final  selection.  The  Cb-V-Cr-Si 
and  Cb~Ti-Mo-Si  systems  were  selected  for  coating  process  development,  but  the 
following  systems  needed  to  be  : xauined  more  extensively: 

•  Cb-  Ti-Mo  alloy  sublayers  with  aluminide  primary  barriers 

•  Cb-Ti-Cr-Al  alloy  sublayers  with  silicide  primary  barriers 

«L 

•  Standard  silicide  coating  systems  with  additional  ceramic  coating  to 
provide  better  healing  of  cracks. 
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The  Cb-V-Cr-Si  system  was  selected  on  the  basis  ol  a  moderate  oxidation- 
resistant  sublayer  (if  vanadium  content  were  kept  less  than  10  percent,  the  absence  of 
Laves  phase,  the  reduction  of  interstitial  sink  effect,  and  good  oxidation  resistance  at 
1600  and  2400  F  of  the  disilicldet  In  addition,  the  ability  of  vanadium-containing 
sillcides  to  be  self-healing  was  a  powerful  factor  in  this  choice. 

Selection  of  the  Cb-Ti-Mo-SI  system  was  based  on  the  moderate  oxidation 
resistance  of  Cb-Ti-Mo  alloys  (D31  alloy),  the  excellent  oxidation  resistance  of  molyb¬ 
denum -containing  disilicides,  the  elimination  of  volatile  chromium  that  is  a  problem  in 
low-pressure  reentry  environments ,  and  the  closer  expansion  match  of  the  disilicide 
with  columbium  when  the  molybdenum  content  is  high.  The  requirement  of  high- 
molybdenum  content  had  a  major  influence  on  coating  methods  used. 

The  high  expansion  of  aluminides  will  lead  to  very  high  coating  stresses 
(par.  3.3.3).  Accordingly,  only  one  system  was  carried  forward  for  additional  study. 
Preliminary  work  reported  in  Paragraph  3, 3. 2  indicated  that  the  Cb-Ti-Mo-Al  system 
was  the  best  of  those  examined.  It  includes  the  moderately  oxidation-resistant  sub¬ 
strate  Cb-Ti-Mo,  and  the  introduction  of  molybdenum  in  the  aluminide  will  reduce 
expansion,  whereas,  the  titanium  will  improve  oxidation  resistance  of  the  ali\minide3. 

It  was  anticipated  that  an  interstitial  sink  effect  would  occur  in  such  a  3ystem,  so  that 
the  coating  would  be  expected  to  be  more  suitable  for  solid  solution  alloys  or  alloys 
in  the  stress-relieved  condition. 

The  only  ductile  eolumbium-rich  alloys  found  with  oxidation  resistance  better 
than  Cb-Ti-Cr  (sublayer  in  TRW  Cb-Ti-Cr-Si  coating)  were  similar  alloys  containing 
titanium,  aluminum,  and  chromium  in  some  instances.  Therefore,  the  effect  of  adding 
aluminum  to  the  sublayers  prior  to  siliciding  was  studied  further.  Other  work  had 
shown  that  aluminum  tends  to  be  rejected  from  silicides  in  favor  of  titanium,  chromium, 
vanadium,  and  columbium  so  that  the  primary  barrier  of  silicide  should  be  little 
affected  by  aluminum  in  the  sublayer. 

Finally,  the  third  system  chosen  for  additional  study  was  one  where  an  outer 
ceramic  coating  was  applied  over  the  silicide.  It  was  expected  that  this  would  reduce 
the  demands  on  the  sublayer,  in  the  event  of  coating  cracking,  by  aiding  repair. 


Hie  three  systems  that  required  additional  study  were  selected  because  data 
for  their  component  parts  indicated  some  potential  when  combined  into  a  complete 
system.  At  this  stage,  additional  work  on  the  individual  component*  would  have  pro¬ 
vided  little  aid  in  evaluation,  and  the  next  step  required  synthesis  oi  the  complete 
coating  for  evaluation  before  a  decision  could  be  made  as  to  its  potential. 


IV.  EXAMINATION  OF  SPECIAL  NEW  COATING  SYSTEM 


At  the  conclusion  of  the  basic  property  measurement  program  described  in 
Section  m,  two  major  systems  were  selected  for  development  into  coatings.  These 
were  the  (V-Cr)-Si  and  (Mo-Ti)-Si  coatings.  In  addition  to  these  systems,  a  number 
of  concepts  remained  which,  although  inadequate  to  justify  a  full-fledged  coating  de¬ 
velopment  program,  were  worthy  of  additional  experimental  effort.  This  section 
contains  data  on  these  experimental  systems.  Section  V  describes  the  development 
of  the  two  principal  coating  systems. 

The  coating  systems  examined  in  a  preliminary  manner  and  described  in  this 
section  include: 

1.  Aluminized  alloys  containing  titanium  and  columbium  with  molybdenum 
or  tantalum 

2.  Titanised  and  aluminized  alloys  of  Cb-Mo  and  commercial  alloys 

3.  Fugitive  slurry  techniques  for  application  of  a  Ti-Mo-Al  coating 

4.  Coatings  containing  aluminum  in  the  sublayer  to  improve  low- 
temperature  oxidation  resistance  and  the  disilicide  as  the  principal 
>arrier 

5 .  The  ceramic  overlayed  silicided  system 

The  efforts  inf  1) ,  (2) ,  and  (3)  above  were  designed  to  take  advantage  of  the 
moderately  oxidation-resistant  aluminum  containing  solid  solution  alloys  containing 
Cb-Ti  and  molybdenum  or  tantalum  with  the  trialuminide  primary  barrier.  The  work 
in  (4)  was  designed  to  use  the  excellent  oxidation  resistance  (at  1600  F)  of  the  Cb-Ti-Al 
and  Cb-Ti-Cr-Al  systems  as  sublayers  and  the  silicides  as  the  primary  barrier.  The 
effort  in  (5)  was  not  an  outgrowth  of  the  basic  property  studies  deccribed  in  Section  III, 
but  rather  a  special  study  initiated  to  show  whether  refractory  silica-base  glass  coat¬ 
ings  (ceramic  coatings)  could  b<=  used  over  a  silicide  oxygen  barrier  to  provide  pro¬ 
tection  over  typical  cracks  that  develop  in  columbium  disilicide  coatings.  Ceramic 
coatings  over  a  disilicide  have  the  advantage  that  the  composition  is  not  dependent  on 
the  thermodynamics  and  kinetics  of  the  oxidation  of  the  disilicide  and,  consequently, 
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is  constant  with  temperature.  Viscosity  and  softening  point  are  also  more  readily 
controlled  than  with  in  situ  generated  coatings. 

4. 1  COATING  CONTAINING  MAJOR  ADDITIONS  OF  ALUMINUM 

The  oxidation  studies  conducted  at  HTRI  on  arc-melted  alloys  indicated  that 
the  substitution  of  titanium  and  molybdenum  for  columbium  in  ChAl3  markedly  im¬ 
proved  oxidation  resistance  at  temperatures  in  the  2200  to  2500  F  range.  Similarly, 
minor  columbium  and  molybdenum  substitutions  for  titanium  in  TiAl3  resulted  in 
enhanced  oxidation  behavior  in  this  temperature  range.  Most  of  the  (Ti-Cb-Mo)Alg 
compositions  that  were  studied  showed  no  evidence  of  pest -type  attack  during  exposure 
for  24  hours  at  1600  F;  a  number  of  compositions  were  resistant  for  At  least  90  hours 
under  these  conditions.  Molybdenum,  columbium,  tantalum,  and  chromium  enhanced 
the  high-temperature  oxidation  resistance  of  y-TiAl  when  partially  substituted  for 
titanium.  An  increase  in  aluminum  content  is  55  atomic  percent,  which  was  within  the 
solubility  range  for  the  compositions  studied,  resulted  in  a  further  increase  in  oxida¬ 
tion  resistance  for  the  ternary  compounds.  No  abnormal  oxidation  was  observed  at 
1600  F  in  these  materials.  Both  columbium  and  tantalum  substitutions  decreased  the 
expansivity  of  the  gamma  phase  in  the  800  to  1800  F  range. 

The  oxidation  behavior  of  aluminum-saturated  columbium -base  solid  solutions 
was  studied.  Of  the  ternary  additions  made  at  the  5  atomic  percent  level,  titanium 
produced  the  greatest  decrease  in  oxidation  rate.  Higher  titanium  additions  increased 
the  solubility  of  aluminum,  resulting  in  ternary  alloys  with  increased  oxidation  resist¬ 
ance  at  higher  titanium  and  aluminum  levels.  Molybdenum  additions  to  the  ternary 
Cb-Ti-Al  alloys  had  a  further  beneficial  effect  or,  oxidation  resistance. 

Coating  system  concepts  were  investigat'  d  by  performing  aluminizing  experi¬ 
ments  with  the  intention  of  developing  the  coating  layers  considered  to  be  optimum  as 
a  result  of  the  oxidation  studies.  These  specimens  were  subsequently  oxidized  to 
establish  a  correlation  with  the  oxidation  studies  on  bulk  materials  and  to  determine  the 
influence  of  the  coating  on  the  substrate. 

Initial  experiments  involved  the  aluminizing  of  Cb-Ti  alloys  with  the  intention 
of  developing  Cb-Ti-Al  solid  solution,  gamma,  and  trialuminide  layers.  Initially,  a 
series  of  columbium  alloys  containing  25,  50,  67,  and  75  atomic  percent  titanium  were 
prepared  as  0.030-inch  sheet,  aluminized  by  dipping  into  molten  aluminum,  and  sub¬ 
sequently  diffused  in  vacuum  at  2000  F  for  16  hours .  The  relative  thickness  of  the 
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gamma  or  solid  solution  alloy  layer  that  formed,  as  compared  to  the  (Cb-TIjAi^  layer, 
increased  with  increasing  titanium  content  of  the  alloy.  The  specimens  were  subse¬ 
quently  oxidised  at  2300  F  for  16  hours.  After  this  exposure,  no  tvialucuinide  layer 
remained  on  the  specimens.  The  most  oxidation-resistant  coating,  on  the  basis  of 
weight  gain  and  visual  appearance,  was  that  formed  on  the  Cb-75  at.  %  Ti  alloy. 
Metallographic  examination  of  the  oxidized  specimen  indicated,  however,  that  con¬ 
tamination  of  the  substrate  occurred  (Fig.  56) .  The  hardness  of  the  substrate  was  uni¬ 
formly  590  DPN,  indicating  that  interstitial  contamination  has  occurred;  however,  the 
visible  contamination  zone  apparent  in  Figure  56  extends  to  a  depth  of  only  0.005  inch 
beneath  the  surface.  The  microstructure  of  a  Cb-75  atomic  percent  titanium  alloy, 
which  was  not  aluminized,  after  oxidation  at  2300  F  for  one  hour  may  be  seen  in 
Figure  57.  Visible  contamination  is  apparent  throughout  the  specimen;  the  hardness 
is  also  uniformly  590  DPN.  The  extent  of  internal  contamination  in  the  coated  alloy 
appears  to  be  related  to  the  presence  of  cracks  in  the  (Cb-Ti)Alg  layer  that  extends 
partially  into  the  gamma  sublayer.  It  appears  that  the  (Ti-Cb)Al  gamma  layer  is 
capable  of  transporting  oxygen  that  is  readily  absorbed  by  the  titanium  alloy  substrate; 
this  should  be  a  very  effective  oxygen  sink  in  the  presence  of  gamma.  The  true  effec¬ 
tiveness  of  this  coating  system  can  only  be  established  by  reproducing  the  columbium , 
titanium,  and  aluminum  coating  layers  on  a  columbium -alloy  substrate. 

The  following  additional  competitions  (at.%)  were  prepared  as  substrate 
materials  for  aluminizing  experiments:  Ti~l5Cb-10Mo,  Ti-15Cb-20Mo,  Ti-15Cb-20Ta, 
Ti-15Cb,  Ti-29.2Cb-14.lMo,  and  Ti-31.7Cb-6.8Mo.  All  but  the  binary  Ti-Cb  alloy 
could  be  cold  rolled  to  a  0.060-inch  sheet  for  the  preparation  of  specimens.  The 
alloys  were  aluminized  oy  dipping  and  by  pack  diffusion,  with  the  objective  of  estab¬ 
lishing  compound  formation  rates  and  providing  specimens  for  oxidaiion  studies. 
Specimens  that  we*.e  dip  aluminized  were  subsequently  diffused  in  vacuum  at  tempera¬ 
tures  between  1800  and  2300  F . 

Trialuminide  layers  were  not  produced  on  any  of  the  specimens  and,  based 

on  metallographic  and  microhardness  observations,  it  appeared  that  in  most  cases 

only  a  solid-solution  layer  was  formed .  The  dipping  process  was  not  reproducible  in 

terms  of  applying  uniform  quantities  of  aluminum  from  specimen  to  specimen.  In 

2 

most  cases,  a  relatively  thin  aluminum  coating,  less  than  5  mg/ cm  ,  was  obtained. 
Multiple  dipping  and  diffusion  treatments  were  not  successful  due  to  poor  wett  ng;  as 
a  consequence,  pack  aluminizing  was  adopted. 
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Pack  run*  were  nude  using  a  mixture  of  AlgO^,  aluminum  powder,  and  Nad. 
The  pack  mixture  was  contained  in  graphite  within  an  Inconel  retort.  The  activator 
concentration  was  varied  between  0.  i  and  1.0  weight  percent  of  the  total  charge.  Runs 
were  made  at  1600  to  1800  F  for  1  to  16  hours.  After  pack  aluminizing,  the  specimens 
were  vacuum  annealed  at  either  2100  or  2400  F  for  one  hour.  The  lower  vacuum 
annealing  temperature  produced  a  coating  approximately  0.004  inch  thick  that  was 
predominantly  trial umlnide.  Two  thin  sublayers  were  also  present  in  these  coatings. 

Annealing  at  2400  F  produced  a  single -layered  coating,  0.006  to  0.007  inch 
thick.  The  coating  was  optically  inert  under  polarized  light  and  was  assumed  to  be  a 
solid-solution  layer.  Specimens  of  both  coating  types  were  oxidized  at  2400  F.  Weight 
gain  data  are  reported  in  Table  XL. 


TABLE  XL 

OXIDATION  DATA  FOR  ALUMINIZED  ALLOYS 
EXPOSED  AT  2400  F 


ihe  weight  gain  data  are  influenced  by  the  presence  of  minor  defects  in  the 
coating  which  limit  the  interpretation  of  results ,  particularly  for  the  longer  time 
exposures.  More  meaningful  information  was  derived  from  examination  of  the  micro- 
structures  of  the  oxidized  specimens.  The  specimens  annealed  at  2400  F  all  show 
evidence  of  internal  oxygen  contamination  after  oxidation.  The  least  pronounced  effect 
was  shown  by  the  two  alloys  of  high-molybdenum  content,  and  was  limite-’  to  a  depth 
of  approximately  0.002  inch  after  one  hour  of  exposure.  After  four  hours  of  exposure 
all  of  the  alloys  showed  visible  evidence  of  oxygen  contamination  beneath  the  aluminum 
alloy  layer.  The  specimens  annealed  at  2100  F  showed  evidence  of  oxygen  contain! na¬ 
tion  that  was  apparently  initiated  at  the  base  of  e racks  in  the  trinluminide  layer.  The 
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amount  of  costemin^Mi  «u,  again,  Least  ta  the  two  higher  n^Unw  alloys.  ft 
appears  that  the  (Ti-Mo-Cb|Al  gaiama  layer,  as  (Ti-Cb|Al,  is  capable  of  transporting 
oxygen  that  is  readily  absorbed  by  the  titanium  alloy  substrate  which  is  a  very  effec¬ 
tive  oxygen  sink,  ft  mast  be  pointed  oat  again  that  ffae  tme  eBedhwms  of  these 
coating  systems  can  only  be  established  by  reproducing  the  odombtsm,  titanium, 
molybdenum,  and  aluminum  coating  layers  on  a  Columbian* -alloy  substrate. 

As  a  oonaeqnenoe,  two  alternate  experimental  iretbods  were  initiated.  A 
Cb-15  at.  %  Mo  alloy  was  prepared  for  a  series  of  titanizLa^and  aluminizing  experi¬ 
ments  at  Solar.  High-pressure  peck  cemeotatfem  methods  were  used  to  apply  titanium 

and  aluminum  coatings  over  the  specially  prepared  Cb-15  Mo  alloy.  Approximately 
2 

21  mg/cm  of  titanium  were  deposited  using  an  arc  -melted  64TI-36W  pack  sad 
0. 1  percent  NaF  activator  for  a  total  of  33  hours  at  2000  F.  An  18  mg/cm* 
of  aluminum  was  then  applied  over  the  titanized  layer  using  10  percent  Alcoa  201 
aluminum  powder  and  90  percent  A 14  alumina  with  1  percent  NcCl  for  16  hours  at 
1600  F.  Considerable  sintering  difficulty  was  experienced  during  the  titanium  deposi¬ 
tion.  Figures  58  and  59  show  the  titan  him  and  aluminum  coating  on  the  Cb-15  Mo  alley. 

Specimens  oxidation  tested  at  2400  F  had  general  surface  failures  recorded  at 
7,  9,  13,  13,  16  ,  22  ,  25  ,  26  ,  32  ,  41,  and  43  hours.  Coupons  at  1600  F  were  removed 
from  testing  after  216  hours.  Of  the  eleven  specimens  tested  at  1600  F  there  was  only 
one  failure,  which  occurred  between  192  and  216  hours. 

From  Figure  59  it  can  be  seen  that  the  aluminized  layer  did  not  completely 
consume  the  titanium  modified  zone.  Since  the  ductile  Cb-Mo-Ti-Al  alloy  at  the  have 
of  the  craze  cracks  has  good  oxidation  resistance,  the  200-hour  1600  F  oxidation  life 
of  this  system  is  not  surprising.  However,  the  poor  2400  F  life  of  the  titanixed  and 
aluminized  Cb-15  Mo  alloy  did  not  give  much  support  to  the  CL>-Mo-Ti-Al  system. 
Figure  66  is  a  weight  gain  versus  time  plot,  indicating  that  breakaway  (nonparabolic 
oxide  growth)  begins  as  early  as  nine  hours.  The  system  appeared  to  offer  little 
potential  at  2400  F.  Work  was  therefore  suspended. 

Another  method  tried  for  applying  TJ-Mo-Al  coatings  ou  the  Cb7S2  alloy 
consisted  of  using  a  fugitive  vehicle  slurry -coating  process.  The  method  employed 
was  similar  to  that  concurrently  under  investigation  at  IITRI  for  the  deposition  of 
Hf-Ta  solid-solution  coatings.  Slurries  were  made  by  bleadut£  mixtures  oi  molybde¬ 
num,  titanium,  aluminum,  atvl  copper  powders  and  suspending  these  mixtures  in  an 
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FIGURE  60.  SPECIFIC  WEIGHT  GAIN  VERSUS  TIME  FOR  THE  (Cb-15Mo)-Ti-Al 
COATING  (2400  F) 

organic  vehicle.  The  copper  vehicle  was  added  to  promote  liquid-phase  sintering 
of  the  coating  constituents.  The  copper  was  to  be  removed  by  subsequent  vacuum 
heat  treatment.  Slurries  of  the  following  compositions  were  prepared  and  painted 
onto  Cb752  specimens: 

4ICu-44Ti-llMo-4Al 
42Cu-45Ti-9Mo-4Al 
40  Cu  -  42  Ti  -8Mo  -  !  0  A1 
4QCu-40Ti-10Mo-10Al 

o 

Coating  weights  were  approximately  15  mg/ci.i  .  The  specimens  were  vacuum 
heat  treated  in  sequence  at  2010  F  for  30  minutes,  2370  F  for  one  hour,  and  273C  F  for 
one  hour.  After  this  treatment  approximately  43  percent  of  the  original  coating  weight 
was  lost. 
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FIGURE  61.  COATING  FORMED  ON  Cb-752  USING  Cu-40Ti-10Mo-10Al  SLURRY 


The  microstructure  of  the  40Cu-40Ti-10Mo-10Al  coating  after  this  treatment 
may  be  seen  in  Figure  61.  It  is  composeo  of  large  Ti-Mo  solid-solution  grains.  The 
interstices  contain  what  is  probably  aluminide  precipitate  and  residual  vehicle.  The 
microstructure  of  the  41Cu-44Ti-llMo-4Al  coating  (Fig.  62),  contains  far  less  inter¬ 
stitial  phase.  There  is  apparently  some  residual  copper  in  this  specimen.  Oxidation 
tests  were  performed  at  2200  F  on  specimens  treated  in  a  similar  manner.  During  a 
30-minute  exposure  the  specimens  oxidized  rapidly,  forming  a  loose  black  powdery 
scale.  This  is  apparently  associated  with  a  residual  copper  vehicle  in  the  coatings. 
More  recent  work  at  IITRI  (Ref.  16),  on  similar  systems,  has  shown  that  copper  re¬ 
moval  can  be  more  effectively  accomplished  by  proper  control  of  the  original  slurry 
composition  and  heat  treatment,  bui  this  coating  system  did  not  show  enough  promise 
to  warrant  further  development  as  a  Phase  n  or  III  coating. 
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FIGURE  62.  COATING  FORMED  ON  Cb-752  USING  Cu-44Ti-llMo-4Al  SLURRY 


Aluminum-Coated  Columbium  Alloys 


The  effect  of  aluminum  and  aluminum  plus  titanium  on  the  mechanical  and 
oxidation  properties  of  columbium  alloys  was  investigated  at  Solar.  Specimens  of  pure 
columbium,  Cb753,  Cb752,  D43,  and  B66  were  aluminized  or  titanized  plus  aluminized 
using: 


Aluminizing  -  Pack 

89%  A14  A1203 

10%  Type  201  atomized  aluminum 
1  %  NaCl 

Cycle  -  3  hours  at  1600  F  in  argon 


Titanizing  -  Pack 


99.9%  PA8  (64Ti-36W,  prealloyed  and  crushed  to 
-20  +  50  mesh) 


0. 1%  NaF 


Cycle  -  15  hours  at  2000  F 
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The  aluminized  and  titaniaed  plus  aluminized  specimens  were  diffusion  treated 

at  2400  F  for  15  hours  in  argon  to  alloy  the  coatings  with  the  substrate,  figure  63 

shows  some  of  the  specimens  from  which  a  solid  solution  was  obtained  with  Ti-Al 

coated  alloys  by  restricting  the  aluminum  to  the  weight  increases  shown  in  Table  XLI. 

The  alloys  coated  with  aluminum  only  were  not  single  phased  (Fig.  64).  (An  addition 
2 

of  2  mg/cm  of  aluminum  on  a  0. 010-inch  columbium  specimen  is  equal  to  an  increase 
of  two  percent  aluminum  when  tile  alloy  is  completely  homogenized. )  The  annealing 
treatment  led  to  a  change  from  the  original  aluminide  (probably  CbAl^  type)  to  the 
lower  aluminides,  but  there  was  little  evidence  of  solution  in  the  columbium  alloy. 
Examination  of  the  pure  columbium  specimen  (solubility  of  aluminum  in  columbium 
is  approximately  five  percent)  showed  the  same  lack  of  solution,  indicating  that  the 
diffusion  rate  of  aluminum  must  be  the  controlling  factor  rather  than  an  effect  of  the 
alloying  elements  in  the  commercial  alloys. 

The  weight  gains  in  oxidation  tests  are  presented  in  Table  XLI,  together 
with  data  on  an  arc-melted  Cb-Ti-Cr  alloy.  The  latter  is  representative  of  the  sub¬ 
layer  in  (Ti-Cr)-Si  coatings  and  forms  a  standard  for  comparison. 

The  results  for  the  (Ti-Al)  coated  specimens  are  similar  to  those  presented 
in  Table  VII  for  arc-melted  alloys  containing  up  to  20  percent  titanium.  The  coarse 
grain  size  of  these  specimens  (Fig.  63)  is  confirmed  by  those  shown  in  Figure  65 
and  their  excellent  appearance  after  four  hours  at  1600  F  is  evident. 

TABLE  XLI 


OXIDATION  TEST  RESULTS  AT  1600  F  ON  ALUMINIZED  AND  TITANIZED 
PLUS  ALUMINIZED  COLUMBIUM  ALLOY 


— 

Alloy 

Titardum 

Deposition 

Aluminum 

Deposition 

Weight  Gain 
Oxidation  Test 
(mg/cm2) 

Comments 

(wt%) 

(mg/cm2) 

<wt  %) 

(mg/cm2) 

2  hours 

4  hours 

Pure  Columbium 

— 

— • 

1.07 

2.14 

ntW 

NT 

Pure  Columbium 

6.97 

IS.  8 

1.88 

3.86 

+1.29 

+  1.94 

Edges  and  surface  excellent. 

Cb753 

— 

~ 

1.34 

2.87 

+1.51 

NT 

Good  edges  and  surface. 

Cb753 

7.43 

16.9 

1.53 

3.49 

+1.96 

+4.94 

Edges  and  surface  excellent. 

Cb752 

— 

— 

2.49 

2.  SO 

+0. 76 

NT 

Some  spot  oxidation. 

Cb752 

10.28 

13.78 

2.  SI 

3.37 

+1.32 

+2.02 

Edges  and  surface  excellent. 

B66 

... 

~ 

2.28 

2.78 

+1.73 

NT 

Good  edges  and  surface. 

B66 

13.38 

16.80 

2.67 

3.36 

+2.53 

+6.03 

Edges  end  surface  excellent. 

B43 

— 

— 

2.66 

2.66 

+1.21 

NT 

Spalling  at  edges. 

Cb-27ri-7.3Cr(2) 

— 

— 

— 

— 

+1.82 

+4.84 

1.  Not  tested. 

2.  From  Table  VII. 
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C.  B66  D.  D43 


Etchant:  Lactic  HNO^HF 
Magnification:  250X 

FIGURE  63.  COLUMBIUM  ALLOYS  COATED  WITH  TITANIUM  AND  ALUMINUM 
AND  ANNEALED  AT  2400  F  FOR  15  HOURS 
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Etchant.  Lactic  HNO^HF 
Magnification:  250X 


1 

i 

FIGURE  64.  COLUMBIUM  ALLOYS  COATED  WITH  ALUMINUM  AND  ANNEALED 
AT  2400  F  FOR  15  HOURS 
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ALLOT  AND  COHUmON 

FIGURE  66.  YIELD  STRENGTH  OF  COLUMBIUM  ALLOYS  AT  2000  F 


The  test  results  for  the  aluminum-coated  specimens  were  better  than  for 
the  (Ti-Al)  coated  specimens,  but  metallography  (Fig.  63)  showed  that  this  resulted 
from  the  preservation  of  an  aluminide  layer. 

In  the  mechanical  property  studies,  th*  limited  availability  of  materials  caused 
different  thicknesses  to  be  used  for  the  different  alloys.  Four  ooiumblum  alloys  were 
studied: 

•  0. 021-inch  Cb753 

•  0. 012-inch  Cb752  (standard  processing) 

•  0. 010 -Inch  D43  (duplex  heat  treatment) 

0. 011-inch  B66 

Table  XLH  gives  the  mechanical  properties  of  coated  alloys  after  a  16-hour 
anneal  at  2400  F  to  homogenise  the  coatings.  The  unco  at  ed  specimens  were  not  given 
this  anneal.  The  strength*  reported  in  Table  XLH  are  calculated  cm  the  original 
Croats  sectional  areas,  but  the  thickness  change  for  the  0. 500-inch  wide  specimens  are 
shown.  Figure  66  presents  the  yield  strength  data  calculated  for  both  the  original  area 
and  the  cross -sectional  area  of  the  coated  specimen. 


TABIiE  XLn 


MECHANICAL  PROPERTIES  AT  2200  F  OF  ALUMINIZED  AND  TTTANIZED  AND 
ALUMINIZED  COLUMBIUM-BASE  ALLOYS  ^  <2;  ^ 


Alloy 

Thickness 

(in.) 

Type 

Coating 

Yield 

Strength 

(psi) 

Ultimate 

Tensile 

Strength 

(P*i) 

Elongation 

(%) 

Before 

Coating 

After 

Coating 

Cb753 

0. 0210 

None 

26,240 

29, 103 

58 

Cb753 

0. 0208 

0.0241 

Ti  +  A1 

22,420 

24,831 

56 

Cb753 

Ti  +  A1 

25,858 

27,194 

60 

Cb753 

I  0.0215 

0.0221 

A1 

32,242 

33,644 

39 

Cb753 

0.0212 

A1 

29,526 

30,833 

41 

Cb752 

0.0119 

None 

22,530 

27,729 

16 

C0752 

0.0118 

- 

None 

22,202 

28,409 

15 

Cb752 

0. 0118 

0.0145 

Ti  +  Ai 

20.724 

24,651 

32 

Cb752 

0.0118 

0. 0145 

Ti  +  A1 

19,230 

22,202 

55 

Cb752 

0.0119 

0.0124 

Al 

26,042 

30,295 

28 

Cb752 

0.0119 

0.0124 

Al 

25,043 

26,087 

38 

D43 

0.0100 

None 

28,896 

33,024 

22 

D43 

0. 0105 

0.0135 

Ti  +  Ai 

13,752 

17,181 

52 

D43 

0.0191 

0.0130 

Ti  +  Al 

13,292 

15,848 

50 

D43 

0.0104 

0.0110 

Al 

27,970 

30,693 

13 

043 

0.0102 

0.0108 

Al 

27,770 

30. 808 

16 

3€5 

0.0112 

_ 

None 

27,358 

28,301 

50 

B66 

0.0112 

- 

None 

32,288 

32,887 

30 

B$6 

0.0112 

0.0147 

Ti  +  Al 

23,105 

25,323 

34 

B66 

0.0112 

0.  0145 

TI  +  Al 

24,011 

25,188 

40 

Bfi6 

0. 0112 

0.0117 

Al 

27,777 

28,482 

29 

36*1 

0. 0110 

0.0114 

Al 

34,539 

36,184 

25 

1.  See  Table  XU  for  aluminum  +  titanium  deposit  weight  and  coating  cycles.  All 
specimens  heat  treated  in  argon  for  15  hours  at  2400  F  before  test. 

2.  Ons-inch  gage  length.  0.  050  in.  /in.  /mui. 

o.  Strength  calculation  based  on  cress  section  prior  to  coating. 

I 

_ . _ _ _ _ _ _ _ _ . _ i 


Aluminum  had  little  or  no  effect  on  both  conventionally  processed  and  duplex- 
processed  coiumbium  alloys.  Although  the  specimens  were  given  15-hour  anneals  at 
2400  F,  the  extent  of  alloying  was  limited  after  this  treatment.  The  combination  of 
titanium  with  aluminum  in  coatings  caused  marked  loss  of  strength,  particularly  for 
the  duplex-processed  D43  alloy.  Aluminum  -titanium  containing  coatings  were  there¬ 
fore  not  considered  as  candidates  for  Phase  n  and  III  coating  systems. 

4.2  ALUMINUM- CONTAINING  SILICIDE  COATINGS 

4. 2. 1  Basis  for  the  V-(Cr-Ti)-Al-Si  system 

The  work  performed  at  HTRI  on  this  program  showed  that  Cb-Ti-Al  and 
Ti-Cr-Al  solid  solutions  had  good  oxidation  resistance  at  1600  F  and  might,  therefore, 
satisfy  the  requirements  for  a  ductile,  oxidation- resistant  sublayer.  Aluminum  is 
apparently  less  deleterious  to  the  strength  (in  terms  of  solid-solution  effects)  of 
coiumbium  alloys  than  titanium  and  microprobe  analyses  (Ref.  9)  have  shown,  that 
aluminum  does  not  enter  the  disilicide  to  any  appreciable  extent.  It  was  concluded, 
therefore,  that  aluminum-containing  substrates  could  be  compatible  with  disilicide 
coatings  and  would  have  no  marked  adverse  effects  on  coiumbium  alloys. 

Studies  were  initiated  to  investigate  aluminum-containing  sublayers  and 
eventually  led  to  the  evaluation  of  the  V-(Cr-Ti)-Al~Si  coating  system.  These  initial 
studies  included: 

1.  Oxidation  tests  at  1600  F  of  arc-melted  solid-solution  alloys  prepared  at 
HTRI  (par.  3.2.1). 

2.  Siliciding  of  solid-solution  alloys  followed  by  electron  microprobe 
analysis. 

3.  Oxidation  testing  of  additional  compositions  at  temperatures  up  to 
2400  F  (par.  3.2.1) 

4.  The  effect  of  aluminum  and  (Ti-Al)  coatings  on  the  mechanical  properties 
and  oxidation  resistance  of  coiumbium  alloys. 

Items  1  and  3  were  described  previously  In  Paragraph  3. 2. 1  to  provide  con¬ 
tinuity  to  the  evaluation  of  sublayer  properties.  This  section  is,  therefore,  concerned 
with  the  evaluation  of  the  silicided  solid-solution  alloys  and  aluminum  and  (Ti-Al) 
coatings  on  coiumbium  alloys. 
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4. 2.2  Silidding  of  Cb-Ti-Al  Solid-Solution  Alloy* 

The  purpose  of  this  study  ws  to  determine  if  sluralnam-ooEtsining  solid- 
solution  alloys  could  be  shielded  successfully  without  side  reactions  causing  inter¬ 
ference  by  aluminum, 

A  single  specimen  of  each  of  the  C3>-Ti-Al  alloys  was  siliconized  with  a 
standard  pack.  The  run  condition,  weight  gain,  and  comments  on  appearance  are 
given  in  Table  XLUL 


TABLE  XLffl 

SIUCIDE  FORMATION  ON  Cb-Ti-Al  ALLOY(1> 


Specimen 

Number 

Nominal 
Composition 
(wt  %) 

Si 

Deposition 

(mg/cm2) 

Comments 

IITRI  13 

9lCb-4Al-5Ti 

19.16 

Tendency  to  spall  on  sharp  comers. 
General  porosity.  Fair. 

RTRI  33 

85Cb-5Al-lOTi 

29.78 

Even  silicide  coverage  anl  little 
porosity.  Many  inherent  tracks  in 
this  original  specimen.  Good. 

IITRI  34 

75Cb-5Al-20Ti 

26.18 

Fine  smooth  silicide  coat.  Sharp 
comers.  Excellent. 

IITRI  35 

65CO-5A1-30TI 

33.10 

Smooth  even  silicide  coat.  Surface 
not  as  good  as  No.  34;  however,  it 
is  a  good  tight  coat.  Sharp  corners. 

IITRI  36 

40Cb-10Al-50Ti 

25.46 

Silicide  coal  looked  good  out  rough. 
Comers  tend  to  open  up.  Some 
deformation  of  specimens. 

IITRI  37 

55Cb-5Al-40Ti 

21. 6C 

Very  good  smooth  silicide  coverage. 
Corners  sharp. 

IITRI  38 

30Cb-  10A1-60T1 

25.46 

Very'  irregular,  heavy  preferential 
buildup. 

l.  Evaluation  of  silicide  pack  cementation  over  Cb-Al-Ti  coating  compositions. 
100  percent  silicon,  1  permit  NaF  activator  at  2150  1  for  4.  5  hours 
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The  specimens  were  introduced  into  the  pack  with  sharply  ground  corners, 

1.  e. ,  with  less  than  an  0. 002 -inch  radius.  The  appearance  after  the  very  heavy 
siiicide  deposit  was  remarkable.  The  majority  of  the  compositions  exhibited  perfect 
edge  coverage  except  at  porosity  within  die  specimen  This  excellent  edge  coverage 
may  be  the  result  of  the  low  strength  of  the  alloys  which  permits  considerable  creep 
of  the  alloy  during  growth  of  the  siiicide  and  during  cooling. 

Figures  57  through  72  show  the  appearance  of  silicided  alloys. 

Electron  micioprobe  analysis  of  the  silicided  Cb-Ti-Al  alloys  wt  re  performed 
at  HTRI.  Live  scans  for  the  four  elements,  silicon,  aluminum,  titanium,  and  colurn- 
bium  were  made. 

Figures  73  through  76  show  the  superimposed  traces  for  the  four  elements. 

The  full-scale  values  varied  from  100  cps  (for  aluminum)  to  as  high  as  3000  cps 
(for  titanium).  Table  XLIV  summarizes  the  results.  No  corrections  have  been 
applied  to  any  of  the  data.  However,  by  comparing  the  ratio  of  counts/ second  from 
the  alleys  and  assuming  nominal  compositions,  it  was  possible  to  gain  a  semi-quantitative 
value  for  the  Cb:Ti  ratios  in  the  other  layers.  In  addition,  assuming  the  outer  layer 
is  the  disilicide,  the  silicon  content  of  other  layers  could  be  estimated  using  the  ap¬ 
propriate  disilicide.  The  aluminum  content  was  estimated  by  comparison  with  an 
alloy  containing  the  appropriate  Cb:Ti  ratio. 

The  probable  identification  of  each  layer  is  given  in  the  last  column  of 
Table  XLIV.  The  following  conclusions  were  reached: 

•  The  second  layer  has  a  different  silicon  content  and  has  been  identified 
tentatively  as  MrSi3  for  alioys  from  Cb-10Ti-5Al  to  Cb-30Ti-5Al.  At 
higher  titanium  contents,  increasing  amounts  of  aluminum  and  higher 
silicon  contents  make  the  interpretation  less  certain.  A  second  disilicide 
with  a  different  metal  atom  ratio  has  been  observed  in  Ti-Cr-Si  coatings. 
This  may  be  the  case  for  the  4C  and  50  percent  titanium  alloys. 

•  The  low  and  uncertain  counts  for  aluminum  in  the  alloy  make  calculations 
uncertain,  but  based  on  known  aluminides  the  l^AI.  or  M^Al  phases  are 
present  in  Cb-5Ti-4AI  and  Cb-10Ti-5Al.  The  20  and  30  percent  titanium 
alloys  appear  to  contain  MAI  (j.amma  phase  TiAl),  although  the  variation 
of  titanium  across  this  phase  (Fig.  76)  may  correspond  to  Q^Al  at  the 
inner  face. 

•  No  aluminlde  was  present  in  the  Gb~40Ti-5Al  and  Cb-50Ti-10Al  composi¬ 
tion,  but  there  wax  a  siiicide  phase  containing  some  aluminum  which  was 
tentatively  identified  as  MgSig. 

157 


*  mrh**'* 


Solid-solution  alloy;  three  layers  in  coaling; 
freedom  from  cracks,  especially  at 
corner. 


Etchant:  Kellers 

Magnification:  10nX 


FIGURE  67. 

SILICIDED  Cb-5Ti-4Al;  IITRI13 


Two-phase  alloy  showing  regregation  and 
porosity  typical  of  are-melt  button;  multi¬ 
ple  layers  in  coating;  freedom  from  cracks. 


Etchant:  Kellers 

Magnification:  100X 


FIGURE  68. 

SILICIDED  Cb-10Ti-5Al;  IITRI33 


Unusual  freedom  from  cracks  and  edge 
separation;  solid-solution  alloy;  multiple 
layer  coating. 


Etchant:  Kellers 

Magnification:  100X 


FIGURE  69. 

SILICIDED  Cb-3QTi-5AJ;  IITRI35 
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Excellent  coating  in  spite  of  sharp 


Etchant: 


Kellers 


Magnification:  100X 

FIGURE  70. 

SILICIDED  Cb-40Ti-5Al;  IITRI37 


Excellent  coating. 


Etchant:  Kellers 

Magnification:  100X 


FIGURE  71. 


SILICIDED  Cb-60Ti-10Al;  IITRI38 
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Porosity  in  subsilicide  layer:  distinct 
aluminide  (inner?  layer,  and  excellent 
corner  (crack  formed  in  metallographic 
preparation ). 
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Kellers 


Magnification:  100X 


FIGURE  72. 


SILICIDED  Cb-20Ti-5Al;  IITRI34 


FIGURE  73.  ELECTRON  MICROPROBE  SCAN  OF  Cb-4Al-5Ti  ALLOY 


FIGURE  74.  ELECTRON  MICROPROBE  SCAN  OF  Cb-5Al-10Ti  ALLOY 


FIGURE  75.  ELECTRON  MICROPROBE  SCAN  OF  Cb-5Ai~2GTi  ALLOY 
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4. 2. b  The  Tl-Al-Sl  and  Cr-Al-Si  Coating  Systems  Containing  Aluminum 

Two  additional  coating  syr  terns  containing  aluminum  were  Initially  selected 
for  oxidation  testing.  These  were  the  Ti  -Al-Si  and  (Cr-Ti) -A1 -Si  systems.  Although 
mechanical  property  tests  showed  that  titanium  +  aluminum  layers  were  detrimental 
to  the  strength  of  columbtum  alloys,  siliciding  experiments  on  Cb-Ti-Al  alloys  showed 
that  an  excellent  disllicide  coating  was  formed  over  these  alloys  which  was  relatively 
crack-free.  It  was  also  anticipated  that  the  order  of  deposition  of  titanium  and  aluminum 
layers  might  have  some  effect  on  the  extent  of  interstitial  migration  from  the  substrate 
alloy  into  the  coating  sublayers. 

Application  of  Titanium,  Aluminum,  and  Cr-Ti  Modifier  Layers 

Development  and  Improvements  of  application  techniques  proceeded  throughout 
the  experimental  program  ami,  particularly  in  the  early  coating  experiments,  limita¬ 
tions  on  coating  chemistry  (layer  thickness)  and  quality  were  imposed  by  application 
technology.  For  instance,  it  was  found  to  be  very  difficult  to  deposit  (S0Cr-20Ti) 
uniformly  onto  a  columbium  alloy  substrate;  where  ay,  this  alloy  layer  would  deposit 
more  readily  if  an  intermediate  vanadium  layer  was  first  deposited. 

All  modifier  layers  were  deposited  fry  halide  pack  processes  from  closed 
retorts.  Coupon  samples  of  D43,  Cb752,  or  B6G  alloys,  after  normal  edge  prepara¬ 
tion  cleaning,  were  placed  directly  into  the  pack  medium  and  fired  in  either  hi;h- 
purity  argon  or  a  sealed  vacuum  environment.  Chloride  or  fluoride  salts  were  used 
as  the  halide  activator  to  effect  vapor  phase  transport.  The  details  of  typical  deposi¬ 
tion  processes  are  given  in  Section  V.  Deposition  of  the  (Cr-Ti)  layer  was  initially 
conducted  from  a  prealloyed  G0Cr-40Ti  mixture,  but  later  In  the  program  an  80Cr~2QTi 
pack  mixture  was  generally  adopted  sines  this  composition  appeared  to  provide  a 
coating  with  longer  life  at  2400  F  (Section  V). 

Typical  deposition  parameters  for  (Cr-Tt),  titanium,  aluminum,  and  silicon 
are  shown  in  Table  XLV.  Deposition  of  (Cr-Ti)  ovei  aluminum  resulted  in  the 
formation  of  a  low  melting  point  phase  as  evidenced  by  the  growth  of  metallic  whiskers 
on  the  surface,  during  diffusion  annealing,  and  upheaval  ol  the  silicide  layer  in  the  final 
coating  operation.  However,  it  was  found  possible  to  silicon! re  the  same  system  when 
the  diffusion  anneal  (2400  F)  stage  was  eliminated  so  that  this  melting  was  avoided. 
Specimens  prepared  in  this  manner  were  subsequently  tested  for  ^ddatlon  resistance. 
Evidently,  a  low  melting  point  phase  was  formed  between  some  combinations  of 
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TABLE  XLV 


DEPOSITION  PARAMETERS  FOR  THE  (80Cr-20Ti)-Ai-Si  AND  Ti-Al-Si 

COATING  SYSTEMS. 
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coiumbium,  aluminum,  chromium,  and  titanium.  When  specimens  were  siliconized 
without  an  intervening  diffusion  anneal,  it  is  probable  that  most  of  the  chromium  and 
titanium  were  consumed  to  form  the  disilicide,  before  extensive  diffusion  had  occurred, 
thereby  eliminating  the  low  melting  point  alloy  composition. 

The  deposition  rates  of  (Cr-Ti)  from  this  80-20  pack  were  less  than  anticipated, 

aad  a  single  10-hour  run  gave  what  was  considered  to  be  the  minimum  acceptable 

2 

thickness  (based  on  a  10  to  12-mg/cm  deposit  of  silicon  with  no  pure  coiumbium 
disilicide).  These  tpecimens  were  then  silicided  and  put  into  oxidation  testing.  How¬ 
ever,  it  was  shown  in  subsequent  metallographic  studies  that  the  Cr-Ti  alloy  cover 
was  not  of  uniform  thicknes  j,  and  it  was  likely,  therefore,  that  the  relatively  poor 
oxidation  resistant  CLSi^  was  formed  in  certain  areas.  Systems  4  through  6  coated 
extremely  well  with  excellent  control  over  thk  .ness  and  uniformity  of  deposit. 


ise 


Oxidation  teste  were  run  on  both  systems,  (Cr-Ti)-Al-Si  and  Ti-Al-Si, 
although  it  was  recognized  that  the  effectiveness  of  (Cr-Ti)-Al  as  a  coatii^  system 
could  not  be  fully  assessed  because  of  the  less  than  optimum  coating  quality. 

Oxidation  data  for  tests  conducted  at  1600  and  2400  F  are  summarized  in 

Tabler  XLVI  and  XLVII.  Total  recorded  weight  gains  with  corresponding  times 

are  presented  in  the  final  columns .  The  weight  measurements  can  only  be  regarded 

as  an  indication  of  the  severity  of  oxidation  since  the  weight  changes  were  the  result 

of  a  number  of  reactions.  For  instance,  high  weight  gains  (up  to  0. 1  mg/cm^/hr) 

were  noted  at  both  1600  and  2400  F  for  the  first  one-  or  two-hour  exposure  as  a  thin 

oxide  layer  was  formed  over  the  silicide;  weight  increases  then  fell  off  rapidly  to 
2  v 

<0,1  mg/cm  /hr  and  in  the  case  of  coatings  high  in  chromium  content,  negative  weight 
changes  were  recorded  after  about  10  hours.  For  these  columbium  alloy  coating 
systems,  visual  observation  could  usually  predict  the  beginning  of  failures  before  weight 
changes. 

TABLE  XLVI 

OXIDATION  TESTS  OF  THE  <80Cr-20Ti)-Al-Si  AND  Ti-Al-Si  COATINGS  AT  1600  F 


System 

Number 

Total  Weight 
Gain 

Subetrate 
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(mg/cm  ) 

(hr) 
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TABLE  XLVH 


CYCLIC  OXIDATION  TESTS  OF  THE  (80Cr-20Ti)-Al-Si  AND  Ti-Al-Si 

COATINGS  AT  K00  F 


At  1600  F  the  Ti-Al  Systems  4  and  5  had  the  best  surface  appearance  after 
26  hours  (first  six  hours  in  one-hour  cycles,  followed  by  eight-hour  cycles).  The 
(Cr-Ti)-Al  coating  generally  had  longer  life  on  W-  -'^ecimens,  which  *u  in  accord 
with  the  obst.  /all on  on  ooating  quality. 

At  2400  F,  the  most  promising  system  in  terms  of  surf*-?*  appearance  and 
weight  gains  wca  System  No.  1  (Cr-Ti)-Al-D-Si;  however,  the  DM  samples  had 
early  failures  at  thin  areas  in  the  coating.  These  failures  mere  on  ib*  *  .*  surfaces 
and  not  at  the  edges,  Indicating  that  the  ooating  would  have  longs’-  potential  life  if  a 
uniformly  thick  alloy  layer  Is  deposited.  On  the  basis  of  these  and  earlier  tests,  it 
was  decided  that  the  Ti-Al  systems  did  not  have  sufficient  potential  to  warrant  further 
studies. 
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These  studies  also  showed  that  it  was  impractical  to  deposit  (Cr-Ti)  over 
sluminum  and  that  satisfactorily  uniform  deposits  o?  (80Cr~20Ti)  directly  on  columbium 
alloy  substrates  was  difficult  to  achieve  because  this  alloyed  layer  apparently  developed 
the  very  stable  CbCr2  Laves  phase  under  these  condiaons . 

4.2.4  V-(Cr-Ti)-Al-Si  System 

To  finally  establish  if  the  presence  cf  aiuminu  n  in  the  alloy  sublayer  was 
desirable,  it  was  decided  to  modify  the  (Cr-Ti)-  A1  system  by  first  applying  a  vanadium 
layer.  Prior  deposition  of  vanadiu  \  would  allow  deposition  of  a  uniformity  thick 
chromium-titanium  layer  while  minimizing  the  formation  of  CbCr2* 

Close  control  over  thickness  and  quality  of  deposited  metallic  layers  was  con¬ 
sidered  imperative  for  this  series  of  experiments  since  many  failures  have  been  shown 
to  originate  at  localized  inhomogeneities  caused  by  lack  of  control  in  the  coating  appli¬ 
cation  techniques.  Accordingly,  preparation  of  the  coating  system  V-(Cr-Tl)~Al-Si 
)n  D43  and  Cb752  specimens  was  initiated. 

Vanadium  was  applied  in  a  closed,  evacuated  retort  using  a  pack  cf  0. 25-inch 

coarse  granules  cf  99.8  percent  purity  and  a  0.25  percent  activator  consisting  of  equal 

parts  K„VFk  and  NaF.  Twc  15 -hour  runs  at  2150  F  were  required  to  deposit  an  average 
^  5  « 

of  15.0  r  g/rm  of  vanadium.  Aluminum  and  (80Cr-20Ti)  were  deposited  by  the  previously 

2 

described  techniques  to  give  an  average  of  1.5  and  16.0  mg/cm  ,  respectively. 

The  specimens  were  silicided  in  the  usual  high-pressure  pack  to  give  three 
silicide  thicknesses  corresponding  to  weight  increases  of  7,  14,  and  17  mg/cm  ,  (i.e. , 
l.o,  2.0,  and  2.5  mils). 

The  appearance  of  a  typical  sample  in  the  as  -coated  condition  is  shown  in 
Figure  77.  The  large  open  cracks  which  are  evident  in  the  coating  on  this  D43  speci¬ 
men  are  a  result  of  pullout  during  inetallo graphic  preparation.  It  is  virtually  impossible, 
however,  to  identic  -  the  cause  of  fine  cracks  as  being  due  to  metaJlographic  preparation 
or  to  differential  s  .jses  that  arise  in  cooling  from  the  coating  temperature.  It  was 
not  possible,  with  current  raetaik  aaphic  techniques,  to  satisfactorily  etch  coated 
samples  to  reveal  the  structure  of  the  substrate  metal.  It  appears  that  the  chemically 
active  filicide  has  some  inhibitory  effect  on  the  normal  etching  reaction. 

Samples  with  the  three  silioide  thicknesses  were  oxidation  tested  at  2400  F , 
but  only  the  heaviest  silicide  coating  was  tested  at  1800  F .  These  oxidation  data  are 
presented  in  Tables  XLVm  and  XLVIX, 


TABLE  XLVm 


2400  F  OXIDATION  TEST  DATA  OF  THE  V-(Cr  Ti)-Al-Si  COATING 


Number 

of 

Coating  Layer 
(mg/cm*) 

Time  to  Failure 
in  lieu  re 

Total 

Weight  Gain 

Substrate 

Samples 

V 

Cr-TI 

A1 

Si 

(1-hour  oycle> 

(mg/em8) 

ftomarks 

Cb752 

2 

17 

16.0 

1.6 

7.0 

2,  3 

3,87,  1.89 

Good  giaso. 

D43 

2 

14 

1S.S 

1.3 

7.0 

6,  18 

1.50,  0.87 

Weighed  after  six  hours  only 

Cb752 

3 

1? 

16.0 

i.e 

14.0 

57,  83,  80 

4.06,  3.91 
5.24 

Very  alow  oxidation  rate  after 
initial  failure  cite  observed. 
Edge  failure.  Good  glue. 

043 

3 

14 

15,5 

1.5 

14.8 

35,  104,  106 

2.52.  2.70 
5.06 

Very  slow  oxidation  rate  after 
first  pinhole  (oornera).  Two 
specimen*  tatter  exposed 

120  and  133  hours  without 
much  additional  ioas  of  sub¬ 
strate. 

Cb752 

2 

17 

13.0 

1.6 

17.0 

111,  128 

£.22,  6.61 

Edt?  failures  -  vary  slow 
substrate  decay  after  first 
eigne  of  failure. 

D43 

2 

14 

16.5 

1.3 

IS. 4 

100,  100 

1_ 

6.22,  5.55 

1 

Test  stopped.  Edge  failure* 
developing  at  93  hours.  No 
increase  m  weight-gain  rale. 

TABLE  XIJX 


1600  F  OXIDATION  TEST  DATA  ON  THE  V-(Cr  Ti)-Al~Si  COATING 


n 

— 

Number 

of 

Coating  Layer 
(mg/cm^) 

r  . .  — ~ 

Time  to  Failure 
in  Hours 

Total 

Weight  Gain 
(mg/cm2) 

Substrate 

Samples 

V 

Cr-Ti 

A1 

Si 

(16-hour  cycle) 

Cb752 

1 

17 

16.0 

1.6 

17.0 

509+ 

0  4 1 

D43 

1 

14 

15,3 

1.3 

18.4 

509+ 

0.39 

At  2400  F,  the  thinnest  silicide  coating  resulted  in  predictable  early  failures 
since  metallography  showed  an  uneven  silicide  layer  with  regions  having  essentially  no 
siliciue  protection. 

The  standard  0. 002-inch  thick  silicide  produced  better  results  with  86  and 
106  hours  of  life,  respectively,  for  Cb752  and  D43  specimens.  One  specimen  from 
each  batch  (three  specimens)  failed  at  edge  sinter  sites  considerably  earlier  than  the 


remaining  two.  This  coating  appeared  to  have  exceptional  self-healing  properties 
since  after  the  initial  failure  site  had  been  observed  (usually  edge  or  corner)  extremely 
slow  oxidation  of  the  substrate  took  place,  and  in  the  case  of  one  D43  sample,  even 
after  an  additional  30  cycles,  the  defect  did  not  propagate  very  far  and  slow  weight 
gains  were  recorded.  A  good,  glazed  surface  was  preserved  over  the  remainder  of 
the  specimen  surfaces. 

The  coating  with  the  heaviest  siliclde  layer  showed  higher  weight  gains  than 
normally  observed,  but  a  high  density,  slightly  glazed  surface  was  obtained  which 
appeared  to  be  very  stable.  Both  D43  samples  were  removed  from  testing  at  100  hours 
with  small  edge  failures,  while  the  Cb752  samples  were  removed  after  111  and  128 
hours  with  the  development  of  edge  failures. 

The  appearance  of  these  four  samples  after  93  hours  at  2400  F  is  shown  in 
Figure  78.  One  D43  sample  was  placed  back  into  test  after  it  had  failed  in  order  to 
observe  the  decay  rate.  The  appearance  of  this  specimen  after  a  total  of  133  hours  is 
shown  in  Figure  79.  It  was  apparent  that  the  oxidation  rate  of  the  substrate  was  con¬ 
siderably  retarded  -  probaMy  due  to  the  presence  of  a  low  melting  point  glass  which 
had  formed  between  VgO,. ,  Al^O^,  and  SiOg.  The  formation  of  an  oxide  glaze  is 
particularly  evident  in  Figure  80  which  shows  a  Cb752  sample  with  14. 0  mg/cm2  of 
silicon  after  83  hours  at  2400  F.  Figure  81  shows  a  D43  sample  with  the  thicker 
Eilicide  coat  after  100  hours  at  2400  F.  Only  one  sample  of  each  alloy  (with  17. 0 
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mg/'em'"  of  silicon  was  tested  at  1600  F  due  to  a  shortage  of  specimens.  The  excellent 
stability  of  this  coating  at  1600  F  is  shown  by  the  low  weight  gains  in  Table  XLIX, 
and  the  appearance  of  the  coating  after  500  hours  exposure  (Fig.  82  and  83). 

Owing  to  the  complexity  of  the  application  processes,  it  is  doubtful  if  this 
coating  composition  is  of  practical  significance  unless  a  simpler  application  technique 
such  as  a  spray  or  pain*  slurry  can  be  developed. 

These  experiments  do  indicate,  however,  that  the  combined  presence  of 
aluminum,  vanadium,  and  silicon  can  result  in  the  formation  of  a  relatively  stable 
and  fluid  glass  which  imparts  ^rcellent  self-healing  properties  to  the  coating. 


Magnification.  Approximately  1.  SX 


Cb752 


FIGURE  78 


D43  AND  Cb752  SPECIMENS  AFTER 
93  HOURS  AT  2400  F 


Magnification:  Approximately  2X 


FIGURE  79. 

D43  SPECIMEN  AFTER  ADDITIONAL 
40  HOURS  (133  TOTAL)  AT  2400  F 


FIGURE  80.  Cb752  COATED  WITH  V-(Cr-Ti)-A]-Si  (J4.Q  mg/c-m2  Si)  OXIDATION 
TESTED  83  HOURS  AT  2400  F 
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FIGURE  81.  D43  COATED  WITH  \ 
100  hrs:  ;R  24''0  E 


Magnification:  100.X 


w. 


£ 


& 


It 


Magnification.  500X 


r-Ti)-Al-Si  (180  mg/cm"  Ei); 


Magnification:  Approximately  1.  BX 


FIGURE  82. 

D43  AND  Cb752  SAMPLES  AFTER 
500  HOURS  AT  1600  F; 

16-Hour  Cycles 


4.3  THE  SILICIDE-CERAMIC  SYSTEM 
4. 3.  l  Basis  For  The  System 

Very  little  effort  has  been  concentrated  on  the  development  of  ceramic  coatings 
for  use  on  the  columbium-base  alloys.  This  apparent  omission  is  understandable  in 
light  of  the  fact  that  silicate-base  ceramic  coatings  cannot  be  applied  directly  without 
severe  embrittlement  of  the  alloy  by  oxygen.  To  be  used  effect!  .  sly,  ceramic  coatings 
require  an  oxygen  barrier  making  the  application  of  two  coats  imperative. 

In  the  early  work  on  refractory  metal  coatings,  when  single-cycle  coatings 
were  the  rule  and  the  major  activities  were  concentrated  in  the  simple  or  modified 
siiicide,  the  ae  of  ceramic  coatings  would  have  added  another  processing  step  after 
the  Bilicide  process.  Now,  however,  when  the  duplex  (metal- silicon)  coating  requiring 
a  minimum  of  two  cycles  is  the  rule  rather  than  the  exception,  a  process  incorporating 
a  ceramic  coating  as  one  of  the  steps  is  certainly  feasible. 

Ceramic  coatings  have  definite  potential  advantages  and  disadvantages  as 
coatings  for  the  columbium  alloy.  The  advantages  are: 

•  A  low  softening  temperature  that  minimizes  stress  crack  formation 
because  of  differential  thermal  expansion. 

•  Controlled  composition  -  the  coating  is  not  generated  from  the  metal 
and  conseouently  its  composition  Is,  in  general,  not  affected  by  it. 

•  Low  cost  of  application  -  the  coating  is  applied  by  spraying  or  dipping 
and  then  air  fired  for  periods  usually  less  than  15  minutes. 
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FIGURE  80  V-(Cr-Tf)-Al-S|  COATfNG  ON  Cb752  ALLOY:  Oxidation  Tested 
509  Houis  at  1600  F,  16-Hour  Cycles 
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•  The  part  size  that  can  be  coated  is  almost  unlimited. 

•  Part  distortion  in  firing  is  minimized  because  heating  can  be  uniform. 

The  di a  advantages  are: 

•  Cannot  be  applied  directly  to  the  substrate. 

®  The  low  softening  point  and  viscous  properties  do  not  permit  application 
to  parts  that  are  subject  to  severe  erosion,  aerodynamic  shear,  or 
centrifugal  forces. 

The  disadvantages  of  ceramic  coatings  restrict  their  potential  usage,  in  gas 
turbines,  primarily  to  parts  where  ceramic  coatings  have  been  used  successfully  in  the 
modern  gas  turbine  engine,  i.e. ,  in  combustion  chambers,  transition  liners,  after¬ 
burner  liners,  and  tail  cones.  Application  to  blade  and  vanes  is  not  feasible.  In 
manned  reentry  applications,  there  does  not  appear  to  be  any  restriction  to  the  use  of 
ceramic  coatings.  The  aerodynamic  shear  is  not  believed  to  be  high  enough  to  produce 
any  significant  amount  of  viscous  flow. 

Because  of  the  potential  of  ceramic  coating  in  protecting  columbium-base 
alloys,  a  small  screening  program  was  set  up  to  determine,  with  a  minimum  of  labora¬ 
tory  effort,  whether  or  not  ceramic  coatings  justified  a  more  detailed  study.  Coatings 
were  prepared  for  the  screening  effort  using  commercially  available  frits ^  and  re¬ 
fractory  mill  additions.  A  straight,  simple  silicide  coating  applied  by  pack  cementa¬ 
tion  was  used  as  an  oxygen  diffusion  barrier.  The  material  and  procedure  are  described 
in  subsequent  paragraphs. 

4.  3. 2  Deposition  ol  The  Coating 

Two  alloys  were  used  in  the  study  -  Cb752  (0.  012  inch)  and  D43  (0, 006  inch) 

The  standard  specimen  size  was  0. 5  inch  by  C.  75  inch.  The  specimens  were  band 
finished  to  remove  all  burrs  and  sharp  edges  and  then  silicide  coated  using  the  follow¬ 
ing  pack  and  cycle: 

«  Composition  100  parts  silicon  (-100  +200  mesh) 

1  part  NaF  (Reagent) 

•  Cycle  Graphite  lined  Inconel  retort  -  15  hours  at  1900  F 

Deposit  weight  was  12  mg/ cm2 


1.  Frit  -  a  thermally  fractured  glass. 


Four  relatively  refractory  frits  v/ere  selected  for  use  in  the  program.  All  of 
the  frits  have  been  used  successfully  in  coatings  designed  for  use  at  high  temperature 
in  jet  ami  reciprocating  engines  or  in  nuclear  reactors.  Basically,  all  of  the  frits  are 


barium  silicate  glasses  with  other  additives.  The  distinguishing  feature  of  each  frit 
is  given  below. 

Frit 

Characteristics 

NBS  332^ 

Alkali  oxide  free,  barium  borosilicate  glass. 

Low  SiOg  and  high  BaO  percentages. 

Solar  S5210(1) 

Low  alkali  oxide,  barium  borosilicate  glass. 

High  SiOg  and  moderate  BaO  percentages. 

Solar  S35(1) 

Low  alkali  oxide,  boron-free,  barium  silicate  glass. 
High  SiOg  and  moderate  BaO  percentages. 

Solar  S355(1) 

Very  low  alkali  oxide,  boron-free,  barium  silicate. 
High  Si02  and  moderate  BaO  percentages. 

Ceramic  slips ^  were  prepared  by  ball  milling  various  refractory  oxides 
with  the  frits,  a  clay  suspending  agent,  and  water  until  0  to  1  gram  from  50  milliters 
of  slip  was  retained  on  a  325  mesh  standard  sieve.  The  slip  was  adjusted  to  a  specific 
gravity  of  1. 70.  The  compositions  of  the  slips  are  shown  in  Table  L. 

The  slips  were  applied  to  the  siKcide  coated  specimens  by  spraying.  Two 
coats  were  applied  (0. 001  inch  ±-  0. 0005  inch  thick)  with  firing  between  each  coat. 

Firing  was  performed  in  a  gas-fired  furnace  at  temperatures  between  1900  and  2300  F 
for  seven  minutes.  The  best  firing  temperatures  for  each  of  tne  coatings  ia  shown  in 
Table  LI.  Typical  as -fired  specimens  are  shown  in  Figure  34. 

Oxidation  testing  of  ceramic -coated  specimens  was  performed  in  air  at  2400  F 
in  Burrell  tube  furnaces.  Four-hour  cycles  were  standard.  Support  boats  were  pri¬ 
mary-  Leco  boats  (modified  sircon). 

1.  These  friia  are  all  commercially  available.  The  NB  >  332  frit  can  be  obtained 
from  any  of  the  major  suppliers  of  porcelain  enamel  frit.  The  Solar  frits  are 
produced  under  license  by  the  Ferro  Corp.  ,  Cleveland.  Ohio. 

2.  The  finely  milled  paint-hke  slurry -containing  frit,  other  refractory  mill  additions, 
electrolytes ,  water,  and  suspending  agents. 
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Coating:  Simple  Sllldde  Base  Coating  Simple  SiHctde  Base 

Double  Coat  of  A -418-2  Double  Coat  off  SO  LARA  MIC  SB1-1 


FIGURE  84.  TYPICAL  AS-COATED  APPEARANCE  OF  CERAMIC -COATED 
Cb752  ALLOY 

TABLE  L 


COATING  COMPOSITIONS  -  PARTS  BY  WEIGHTS 
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4. 3. 3  Oxidation  Test  Results 

The  coatings  that  could  be  f  'ccessfuily  fired  on  ailicide-coated  Cb752  or  D43 
alloys  (Table  LI)  were  oxidation  tested  at  2400  F.  The  test  results  are  contained  in 
Table  LU  and  typical  specimens  after  test  ar  )  shown  in  Figure  85  and  Figure  86. 

The  A418  series  of  coatings  was  completely  unsatisfactory  due  to  inadequate 
refractoriness  and  to  the  rapid  loss  of  chromium  sesquioxide  from  the  coatings.  As 
an  example  of  the  rate  of  loss  of  chromium  oxide,  the  color  was  observed  to  change 
from  a  brilliant  green  in  the  A4I8  coating  (30  percent  CrgO^)  before  test  to  gray  in 
four  hours  at  2400  F.  Removal  of  the  Cr,,03  addM00  and  replacement  with  Tj02 
and/cr  S102  may  be  a  means  of  improving  the  coating  performance. 

Of  the  SOLARAMIC  series  coatings,  Sei,  S35,  S355,  composition  S61-2, 
S35A-2,  and  S355A-5  were  the  best  in  each  series.  AH  of  these  coatings  could  withstand 
at  least  three  4-hour  cycles  at  2400  F  without  catastrophic  failure.  The  specimens 
appeared  to  be  in  excellent  condition  (Fig.  85)  except  at  the  support  holes  and  contact 
points. 

Reaction  of  the  ceramic  coatings  with  the  support  boat  continually  plagued  the 
oxidation  phase  of  the  program  Coating  the  boats  with  the  ceramic  slip  and  prefiring 
decreased  the  reaction  slightly,  but  offered  no  permanent  solution.  Figure  86  shows 
typical  reaction  sites  on  several  typical  specimens.  Reaction  of  specimens  with  a 
support  boat  precluded  any  evaluation  of  the  actual  cycle  life  of  the  coatings. 

Weight  change  measurements  on  two  coatings,  exhibiting  a  minimum  of  boat 
reaction,  are  plotted  in  Figure  87  and  are  compared  to  the  Cb752  alloy  with  the 
straight  silicide  only.  Considerable  improve... ent  in  surface  stability  is  effected  wuh 
the  ceramic  coatings. 

Photomicrographs  are  shown  in  Figures  88  and  89  of  a  typical  ceramic  coating 
before  and  after  oxidation  testing.  The  underlying  silicides,  as-coated  specimen,  can 
be  seen  to  exhibit  a  typical  uniform  crack  pattern  which  is  probably  the  result  of  dif- 
terential  thermal  expansion.  The  cracks  do  not,  in  general,  propagate  through  the 
ceramic  coating. 

The  large  bubble  structure  in  the  as -coated  specimens  is  probably  the  result 
of  outgasing  the  ellieide  coating  or  columbium  alloy  rather  than  reaction  with  the  sub¬ 
strate.  This  conclusion  is  based  on  the  fact  that  the  porosity  does  not  appear  in  the 
tested  coating  (Fig.  89). 
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TABLE  Ln 


CERAMIC  COATTNG  CYCLIC  OXIDATION  IN  AIR 


Coating 

Substrate 

Firat  Cy'iJe 

Second  Cycle 

Third  Cyc 'if 

A4I& 

0, 012-ln.  Cb752 

Glaasy,  chrome  volatilizing 

Failed,  contact  failure! 

A41B-2 

0.012-in.  Cb752 

Attack  at  hole 

Attacl  at  edge* 

Failure  at  hole,  oxide 
on  surface 

SCI 

0.012-in,  Cb752 

Glassy,  emooth 

Contact  fa!  ’em 

S61-1 

0.012-in.  Cb752 

Attack  h)  hole  and  contact 

Continued  attack  at  hole 
and  contact 

Some  oxidation 

S01-2 

0.012-ir.  Cb752 

Good,  no  change 

Slight  attack  at  hole 
and  contact 

Good,  except  for  hole 
and  contact 

S35A 

0. 012-ln.  Cb752 

Good,  amooth  eurfree 

Contact  falluro  surface 

good 

S30A-I 

0.012-ir.  Cb7S2 

Good,  glaeay 

Attack  at  contact  area 

Continued  attack  »< 
contact  area 

S35A-2 

0.012  m.  Cb752 

Good 

Slight  attack  at  contact 
area 

Continued  attack  at 
oontact  area , 

S35A-4 

G.  012-ln.  Cb752 

Pinhole  failure*,  hole  and 
edge  failure* 

Continued  pinhole 
failure 

S3  5  A -5 

0. 012-ln.  Cb752 

Hole  failure  or.  one  specimen 

No  aUack  on  one 
apecimen 

One  apecimen  good  j 

S35A-6 

0. 012-ln.  Cb752 

Good 

Edge  failure  on  one 
specimen 

Start  of  edge  failure 
on  one  specimen 

SCO  5  A 

0.012-in.  Cb702 

Good,  gluey 

Contact  failure 

S355A-1 

0. 012-ln.  Cb752 

Good  edge*,  attack  at 
contact  area 

Continued  attack  at 
contact  area 

Glaeay 

S335A-2 

0. 012-ln.  Cb7S2 

Attack  at  contact 

Continued  attack  at 
contact 

Severe  attack  at 
contact.  Glaasy 

S355A-5 

0.00tf-ln.  043 

Good 

Good 

Darker,  some  oxide 

S3S5A-7 

0.  OOA-ln.  043 

Pinhole* 

Failure  complete 

S355A-8 

O.OOfl-ln.  043 

Plnhol,  and  hole  attack 

Continued  attack,  darker 

Two  specimens  tested  for  each  coaling  cycle  -  four  houre  at  2400  F 


The  microstructure  of  the  tested  specimens  (Fig.  SP;  shows  sevore  oxidation 
and  enlargement  of  the  cracks  ln  the  silicide  coating;  although  the  ceramic  coatings 
appear  to  be  affording  excellent  protection  to  the  substrate,  severe  oxidation  o :  the 
silicide  coating  is  occur  ling.  The  ceramic  coatings  in  the  thicknesses  applied  appear 
to  be  inadequate  as  oxygen  barriers  tc  prevent  the  very  rapid  oxidation  that  is  character¬ 
istic  of  fissures  in  straight  silicide  coatings.  Some  of  the  oxidation  at  fissure  can  be 
ascribed  to  pores  in  the  ceramic  coating,  but  others  appear  to  occur  underneath  a  con¬ 
tinuous  ceramic  coating  (Fig.  89). 


Alloy: 

Magnification: 


0.012-inch  Ch752 
2X 


A418-2 


I 

V, 


Coating:  S35A-1 

Alloy:  0.012-Inch  Cb752 

Magnification:  2X 


Coating:  S35A-2 

Alloy:  0. 012-inch  Cb752 

Magnification:  2X 


riGURE  86.  TYPICAL  CONTACT  AREA  FAILURES  OF  CERAMIC  COATINGS  AFTER 
THREE  FOUR-HOUR  CYCLES  AT  2400  F 
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WEIGHT  GAIN  (irVcm2) 


CYCLES  <4hr-2400  F) 


FIGURE  87.  WEIGHT  CHANGE  AFTER  CYCLIC  OXIDATION  .  I 


FIGURE  88.  TYPICAL  MICROSTRUCTURE  OF  CERAMIC-COATED  0.  012-INCH 
Cb752  ALLOY 


Cyclea:  Three  4 -hour  cycles  at  2400  F 


FIGURE  89.  TYPICAL  CERAMIC-COATED  Cb752  ALLOY  AFTER  THE 
2400  F  TEST 


4.  3.  4  Discussion  of  the  Ceramic  Coating  System 

Silicate-base  ceramic  coatings  can  be  readily  applied  to  eolumbium-base 
alloys  that  are  silicide  coated.  Considerable  improvement  in  oxidation  resistance  is 
afforded  by  the  coatings  as  evidenced  by  weight  change  measurements  at  2400  F; 
however,  the  coatings  in  their  present  forni  are  not  sufficiently  impermeable  to  pre¬ 
vent  continued  oxidation  at  fissures  in  the  silicide  coating.  In  effect,  deterioration  at 
fissure  appears  to  be  accelerated  by  the  presence  of  the  coating,  although  gross  oxida¬ 
tion  is  retarded.  This  effect  may  be  galvanic. 

Developing  ceramic  coatings  into  a  full -fledged  protective  coating  system  for 
the  refractory'  metals  does  not  appear  warranted  by  Lie  results  of  this  very  brief  study. 
The  principal  basis  on  which  this  decision  is  made  is  the  inability  of  the  coatings  to 
protect  the  cracks  in  the  silicide  coating.  The  theoretical  advantages  in  using  a 
ceramic  coating  are  the  low  softening  temperature  (approximately  1200  F)  and  the 
ability  to  flow  over  defects  and  effectively  heal  them.  Since  the  latter  effect  was  not 
realized,  it  appears  that  the  reservoir-type  coatings,  offer  more  potential  for 
development. 
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4. 4  DISCUSSION  OF  SPECIAL  NEW  COATING  SYSTEMS 


Three  different  types  of  systems  were  evaluated  in  the  category  of  special  new 
coating  systems; 

•  oating  using  aluminum  to  form  the  principal  oxygen  barrier 

•  Coating  using  aluminum -modified  sublayers  with  sfilcides  to  form  the 
outer  barriers 

•  The  simple  silicide  overlayed  with  a  cCiamic  coating  ♦ 

The  work  on  these  systems  was  concurrent  with  the  development  of  the  V-(Cr-Ti)-Si 
and  (Mo-Ti)-Si  to  be  described  in  Section  V  and,  consequently,  any  interpretation  cf 
performance  must  be  between  these  special  and  primary  systems. 

4. 4. 1  Aluminum  primary  barrier  coatings 

When  considering  >»iy  oxidation  of  a  ductile  layer,  the  aluminum  coatings, 
o.  g. ,  Cb-Ti-Ai,  Cb-Ti-Cr-Al,  Cb-Ti-Mo-Al,  and  Cb-Ti-Ta-Al,  are  in  a  class  by 
themselves.  Unfortunately,  the  ductile  alloys  have  inadequate  oxidation  resistance  to 
be  used  above  perhaps  1600  to  1800  F  without  some  additional  protection  if  100-hour 
life  is  used  as  the  criterion.  When  a  coating  is  applied  which  uses  the  excellent  low- 
temperature  oxidation  resistance  of  the  ductile  sublayer,  e.g. ,  Cb-Mo-Ti-Al,  and 
is  aluminized  to  form  the  MAlandMAlg  intermetallic  compounds  for  high-temperature 
oxidation  resistance,  performance  j.s  not  comparable  in  cyclic  performance  with  the 
duplex  silicide  coatings.  The  maximum  one-hour  cyclic  life  at  2400  F  of  any  speci¬ 
men  tested  was  only  43  hours  compared  to  multiple  hundred  hours  for  the  (Mo-Ti)-Si 
and  V-(Cr-Ti)-fei  coatings  at  thic  temperature.  At  1600  F,  as  would  be  expected,  the 
cyclic  iile  is  comparable  to  these  coatings. 

The  inability  of  the  aluminide  coating  to  protect  columbium  alloys  in  cyclic 
exposure*,  is  probably  related  to  the  characteristic  of  the  oxide  formed.  Alumina  is  a 
non- vitreous,  refractory,  high  modulus  oxide  that  severely  cracks  as  a  consequence 
of  differential  expansion  with  the  substrate.  The  oxide  also  forms  within  craze  cracks 
of  the  aluminide  on  cooldown  and  heatup,  preventing  crack  sealing.  The  oxide  is  too 
.fraetory  u>  be  extruded  from  the  cracks  and  thus  produces  a  continual  compressive 
deformation  v  the  aluminide  with  every  cycle. 

With  the  current  knowledge  of  the  high  expansion  of  the  aluminides  (Section  III) 
and  the  extensive  background  iw\  coating  development,  it  appears  safe  to  conclude  that 
without  a  majoi  advance  in  surface  elloying  to  change  the  characteristics  of  the  oxide 


formed,  aluminum -base  p.-in-try  barrier  coatings  will  not  be  used  in  applications  re¬ 
quiring  extensive  thermal  cycling.  The  liquid  phase  coatings  (i.e. ,  Al-6n-Mo  or 
Ag-Al-Si)  were  an  approach  to  preserving  a  continuous  AlgOg  surface  layer,  but 
liquation  of  the  reservoir  seriously  limits  the  applications  to  which  this  type  of  ooating 
can  be  subjected.  This  approach  is  not  recommended  for  aer  xerate  and  gas  turbine 
applications. 

4. 4. 2  Aluminum  Modified  Sublayer  with  Disilicide  Outer  Layer 

Combining  the  low -temperature  oxidation  reslstanoe  of  the  l'i-Al  and  Tl-Cr-Al 
alloys  with  the  dirilicide  oxidation  resistance  at  elevated  temperatures  was  investigated. 
The  order  of  deposition  of  aluminun  was  also  included  as  a  variable,  e.g. ,  aluminum 
before  or  after  titanium  and  (Cr-Ti)  followed  in  all  cases  by  silicon.  The  results  showed 
that  oxidation  resistance  at  1600  F  was  more  consistent  for  the  Al-Ti-Si  and  Ti-Al-6i 
than  for  the  comparable  (Cr-Ti)-Al-Si  coating:  however,  at  2400  F  the  reverse  was  the 
case,  except  that,  tn?  order  of  deposition  of  aluminum  wax.  very  critical.  The  moot 
satisfactory  order  was  (Cr-Ti )-Al -diffusion --Si.  The  (80Cr-20Ti) -A1 -diffusion -Si  is 
not  a  practical  coating  system  due  to  the  difficulty  of  application  of  (80Cr-20Ti).  To 
overcome  this  difficulty,  vanadium  was  deposited  to  decrease  the  formation  of  the 
CbCr2  Laves  phase  The  coating  then  consisted  of  V- { Cr- Ti ) -A1  -diffus ion-Si  and  ex¬ 
cept  for  the  aluminum  and  diffusion  step,  was  comparable  to  the  V-(Cr-Ti)-Si  coating 
(Sec.  V).  The  performance  of  this  coating  was  excellent,  exhibiting  no  failure  on  the 
Cb752  and  D43  alloys  after  testing  for  509  hours  ax  1600  F  and  consistently  tested 
for  more  than  100  hours  at  2400  F.  The  coating,  essentially,  never  underwent  catas¬ 
trophic  oxidation  at  defect  Bites  due  apparently  to  mobility  of  a  surface  oxide;  however, 
the  coating  did  not  out- perform  the  V-(Cr-Ti)-Si  coating  which  has  fewer  processing 
steps. 

The  work  with  the  aluminum  -containing  sublayers  can  apparently  eliminate 
low-temperature  failures  common  to  silicide  ccatingB,  but  significant  contribution  to 
high-temperature  protection  could  not  be  demonstrated.  Since  the  svstem  already 
under  etudy,  <Mo-T>) -Si -Glass  and  V-(Cr-Ti)-Si,  did  not  have  a  low -temperature 
problem,  the  use  of  the  aluminum -containing  sublayer  coatingo  w«s  not  carried  into 
Phase  II  and  Hi. 
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4.  i.  b  Jilicide-Ceramic  Coatings 

The  silicide-oeramic  coatings  were  formed  by  siliciding  Cb752  or  1>13  alloys 
and  then  applying  a  tide  0. 002 -inch  ceramic  coating  (fused  silica-base  composit  or) 
used  to  protect  Buper alloys)  to  the  surface .  The  silicide  acted  to  minimise  mutton 
between  the  ceramic  coating  and  the  columbium  alloy  to  minimise  the  effect  of  minoi 
oxygen  diffusion.  The  ceramic  coating  was  added  to  improve  the  oxidation  resistance 
of  the  CbSig  and,  particularly ,  to  improve  cyclic  performance  by  covering  the  erase 
cracks  in  the  silicide.  No  new  ceramic  coatings  were  developed,  but  rather  barium 
borosiliiate  and  barium  silicate  glasses  of  various  complexities  and  refractoriness 
were  used  in  the  study. 

The  coatings  appeared  to  oe  capable  of  protecting  the  alloys  up  to  12  hours  at 
2400  F,  but  because  of  the  mobility  of  the  ceramic  coatings,  incompatibility  with  the 
supporting  material  was  a  serious  problem.  Cyclic  testing  evaluated  compatibilit r 
more  than  it  did  protection.  Bonding  to  the  support  media  occurred  in  every  cycle, 
and  shear  of  the  bond  occurred  after  each  cycle. 

Evaluation  in  great  depth  was  not  possible  within  the  scope  of  the  program, 
it  was  apparent,  however,  that  the  coatings  used  in  tlie  study  had  a  compatibility  pro¬ 
blem  with  the  silicide  layer  in  the  area  of  cracks  in  the  silicide.  The  cracks  showed 
extreme  ;  -argement  indicating  chemical  attack.  Since  elimination  of  attack  at  the 
cracks  was  a  goal  of  the  program,  and  was  not  attained,  work  with  the  system  was 
abandoned.  The  system  does,  however,  deserve  additional  study,  particularly  due  tc 
the  simplicity  of  application.  A  future  study  should  investigate  chemical  compatibility 
between  silicide  and  glass  constituents  and  should  include  glasses  of  much  greater 
refractoriness  than  included  in  this  study,  or  perhaps  Masses  that  are  nucleated  and 
SO  to  90  percent  crystallized  to  maximize  the  effective  viscosity  and  minimize  com¬ 
patibility  problems  with  support  media.  Viscosity  control  by  crystallization  would 
probably  permit  use  of  this  type  of  coating  in  high-shear  amironmente,  currently 
not  possible  with  existing  ceramic  coaLings  on  euperclioys. 
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V.  DEVELOPMENT  OF  SILICIDE  COATING  PROCESS 


The  basic  approach  investigated  in  silicide  coating  development  required 
surface  alloying  the  substrate  and  development  of  the  silicide  from  the  surface  alloy. 
This  duplex  approach  offers  greater  potential  transport  of  ail  of  the  elements,  whereas 
codeposition  of  silicon  and  modifiers  does  not.  Also,  orsalloying  is  desirable  for 
modification  of  the  substrate  to  eliminate  or  reduce  the  Laves  phase  formation,  improve 
low-temperature  oxidation  resistance  (below  2000  F),  improve  the  expansion  match 
between  silicide  and  substrate,  and  increase  oxidation  resistance  of  the  disilicide 
formed  the  -efrom. 

The  duplex  approach  requires  development  of  surface  alloys  a  minimum  of 
0.  002  to  0.  005  inch  thick  to  prevent  penetration  of  the  layer  when  siliciding  to  a  thick¬ 
ness  of  at  least  0.  002  inch.  The  principal  area  of  development  thus  becomes  one  of 
determining  the  process  conditions  necessary  to  effect  the  required  modifier  coating. 

From  the  basic  studies  presented  in  Section  III,  two  systems  and  five  com¬ 
positions  were  initially  selected  for  application  studies.  The  selected  systems  were 
(Mo-Ti)-Si  and  (Cr-V)-Si,  and  the  modifier  compositions  selected  within  these  systems 
in  weight  percent  were- 

•  Moi/bdenum/Titanium 

25Mo  75Ti 
50Mc-^0Ti 
75Mo-25Ti 

•  Vanadium/Chromium 

80Cr-20V 

50Cr-5QV 

Other  systems  including  95Mo-5Ti,  modifications  thereof  and  the  addition  of  titanium  to 
the  V-Cr  system  to  effect  better  control  of  the  interstitial  transport  and  to  increase  the 
rate  of  deposition  of  chromium  were  also  studied.  This  latter  change  also  increased 
the  number  of  deposition  cycles,  requiring  the  initial  deposition  of  vanadium  followed 
by  (Cr-Ti)  and  silicon. 
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principal  deposition  technique  investigated  in  the  program  was  transport 
in  packs;  however,  very  late  in  the  program,  slurry  sintering  techniques  were  used  to 
apply  the  Mo-Ti  coatings  because  cf  the  success  achieved  with  this  system  on  a  NASA 
program  (Ref.  17).  Short  experimental  programs  were  also  conducted  to  test  the 
merits  of  development  of  a  substitutional  reaction  for  the  deposition  of  molybdenum 
and  tungsten,  and  nondiffusion-controlled  deposition  of  molybdenum  from  molten 
metals. 

5. 1  THE  (Ti-Mo)-Si  SYSTEM 

At  the  outset  of  the  coating  development  effort,  the  investigation  concentrated 
on  the  applications  of  three  modifier  alloys,  75Mo-25Ti,  50Mo-50Ti,  and  25Mo-7CTi 
by  the  pack  deposition  technique  using  conventional  halide  transfer  techniques.  As  the 
program  developed  the  transport  of  molybdenum  was  found  to  be  extremely  slow  and 
other  transport  techniques  were  studied  as  was  exchange  reaction  with  a  silicide  alloy. 
In  the  final  stages  of  the  development  program,  vacuum  sintering  of  slurry- applied 
coatings  provided  the  only  positive  control  over  the  alloy  composition. 

5. 1. 1  Pack  Deposition  of  Titanium-Molybdenum  Modifiers 

Three  basic  arc-melted  compositions  within  this  system  were  evaluated: 

•  75Mo-25Ti 
«  50Mo-50Ti 

•  25Mo-75Ti 

Preparation  of  Pack  Alloys 

The  three  pack  alloys  used  tn  thi-j  study  were  prepared  using  the  following 
technique: 

i  Colo  pressing  the  elemental  powder  into  compacts 

•  Double  arc  melting  the  compact  in  an  atmospuere  of  argon  at  a  pressure 
varying  from  300  to  700  Torr. 

a  Hydriding  if  required 

•  Crushing  the  arc-melted  ingots  to  the  required  particle  size 

»  Acid  washing  of  the  sized  particles  to  remove  any  iron  contamination 
from  :he  crushing  operation. 

Commercially  available  materials  were  used  throughout  the  investigation. 
Typical  materials,  sources,  and  oxygen  content  are  shown  in  Table  LIIL  The  arc- 
melted  molybdenum  and  coarse  grade  of  titanium  provide  the  better  starting  materials 
based  on  analysis,  but  performance  in  arc  melting  was  otherwise  similar. 
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table  lei 


CHEMICAL  ANALYSIS  OF  Ti  AND  Mo  MATERIAL  FOR  PACK  PREPARATION 


Metal 

Sieve 

Analysis 

Vendor 

Grade 

Lot  No. 

Oxygen 
Content  (%) 

Molybdenum 

-20  +  50 

Wah  Chang 

Hydrogen  reduced 

Mo-238 

. 

0.20(V)(1) 

0. 25(S)<2) 

Molybdenum 

-20  +  50 

Oremet 

Arc  melted 

Mo-66412 

0. 01 (V) 

Titanium 

-10  -5-  50 

Oremet 

Sponge 

lt-3650 

0. 17(S) 

Titanium 

-20  +  50 

Oremet 

Sponge 

lt-3925 

0. 344{S) 

1.  V  -  vendor  j 

2.  S  -  Solar  j 

_ _i 

Approximately  10  pounds  of  each  of  the  three  alleys  were  melted  in  100-gram 
ingots.  The  75Mo~25Ti  could  be  directly  crushed.  The  5QMo-5QTi  and  25Mo-75Ti 
were  hydrided  and  crushed.  The  oxygen  content  of  the  Ti-25Mo  and  Ti-75Mo  packs 
at  two  stages  of  preparation  are  shown  in  Table  LIV.  While  arc  melting  appears  to 
decrease  the  oxygen  content,  the  hydriding  operation  markedly  increases  the  oxygen 
content.  Crushing  appears  to  have  only  a  minor  effect  on  the  oxygen  content  based 
on  the  result  with  the  Ti-?5Mo  alley.  The  difference  in  the  oxygen  content  for  the 
hydrided  75Ti-25Mo  and  the  25Ti-75Mo  compositions  may  also  have  been  due  to 
the  difference  in  solubility  of  oxygen  in  the  alloy  rather  than  processing  conditions. 


TABLE  LIV 

ANALYSIS  OF  ARC-MELTED  Tl-Mo  ALLOYS 


Oxygen  Content  (%) 

Alloy 

Starting  Powder 

Arc-Melted  Ingot 

Crushed  Alloy 

Ti-25Mo 

0.129 

0. 098 

0.250  (hydrided 
-20  +  50  mesh) 

Ti~75Mo 

0.050 

— 

0.  059  (-20  +  50  mesh) 

0. 081  (-50  mesh) 

Specimen  Preparation 


Three  substrate  alloys  were  included  in  the  deposition  studies  - 
Cb752(Cb-10W-2. 5Zr),  B66(Cb-5Mo-5V-lZr),  and  D43(Cb-10W-iZr-G. 1C).  Gage 
of  the  alloys  was  0.006  inch  because  of  the  availability  of  this  alloy  from  previous 
programs  at  Solar  under  Contracts  AF38(857)-9442,  AF33(657)-9443,  and 
AF33 (65  7)  -2  049) .  The  test  programs  in  Phases  n  and  HI  were  conducted  on  heavier 
gage  alloys. 

Specimens  were  sheared  to  0. 5  inch  by  0..  75  inch  and  the  comers  were  uni¬ 
formly  hand  radiused  to  approximately  0.125  inch.  Edges  were  deburred  by  milling 
in  a  mixture  of  A14  alumina  and  acetone  in  a  ball  mill  for  approximate!/  43  hours. 

A  few  0.75-inch  alumina  balls  were  used  in  the  mill  to  prevent  packing.  The  speci¬ 
mens  were  then  cleaned  in  hot  alkaline  cleaner  and  etched  in  the  following  solution  for 
10  to  15  seconds,  water  rinsed,  and  acetone  dried. 

Parts  by  Volume 

Hydrofluoric  acid  1 

Nitric  acid  2 

Sulfuric  acid  1 

Water  4 

All  specimens  wet  3  weighed  prior  to  coating. 

Preparation  of  the  Pack 

The  standard  technique  used  ir  the  deposition  studies  were  identical  to  those 
developed  under  Contract  AF33(657)~11259  (Ref,  18).  In  brief,  the  pack-media  active 
metal  and  activator  were  poured  into  a  graphite  retort  liner  (CS  grade,  National 
Carbon),  and  the  specimens  were  placed  vertically  in  the  media.  The  liner  was  then 
placed  in  an  Inconel  retort  (0. 125-inch  walls),  covered  with  a  0. 5 -inch  thick  graphite 
plate,  and  a  0. 050-inch  Inconel  cover  was  heliarc  welded  in  place.  The  retort  was 
tested  for  leaks  and  then  evacuated  to  less  than  one  Torr  and  backfilled  with  argon  for 


FIGURE  90.  TYPICAL  GRAPHITE -LINED  INCONEL  RETORT 

a  minimum  ol‘  five  times.  Figure  90  shows  a  typical  retort  and  liner,  and  Figure  91 
and  92  show,  respectively,  the  purging  control  console  and  a  schematic  of  the  purging 
system. 

Pressure  -was  maintained  in  the  retorts  at  approximately  "70  Terr  by  a 
mercury  seal  and  argon  gas  pressure.  No  gas  flow  into  the  retort  was  used. 

The  retorts  were  charged  into  a  furnace  heated  to  the  selected  temperature 
for  the  scheduled  time  interval,  and  then  removed  and  allowed  to  air  cool.  The  lids 
were  then  ground  or  roller  cut  and  the  specimens  removed,  brushed,  and  weighed. 
Appearance  was  noted  and  the  room  temperature  bend  ductility  was  determined  by 
bending  around  a  0.0625-inch  radius  to  90  degrees. 
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FIGURE  91.  CYCLE  PURGING  AND  PRESSURE  CONTROL  FIXTURES 


FIGURE  92.  RETORT  PRESSURE  CONTROL  SYSTEM 
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The  Ti-75Mo  Alloy  Deposition 

Sodium  chloride  was  selected  as  the  activator  in  the  deposition  studies  using 
the  75Mo-25Ti  pack  alley  based  on  test  results  with  molybdemun  deposition  on  tantalum 
(Ref.  18).  The  following  process  variables  were  studied: 

•  Activator  concentration  -  0. 04  and  0. 4  weigh!  percent 

•  Pack  grit  size  -  -20  +  50M  and  -50  +  200M 

•  Temperature  -  2000  and  2200  F 

•  Time  -  6  and  15  $ 

•  Alloys  -  Cb752,  D43,  B66 

The  deposition  results  are  shown  graphically  in  Figure  93.  Also  included  are  results 
for  arc-melted  and  crushed  molybdenum  as  the  pack  medium. 


FIGURE  93.  DEPOSITION  FROM  Mo-25Ti  AND  PURE  MOLYBDENUM  PACKS  OF 
TWO  GRIT  SIZES  USING  NaCl  ACTIVATOR 
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The  following  are  the  general  conclusions  that  can  be  made  of  the  effect  of 
the  various  process  variables: 

•  Activator  Increasing  the  percentage  of  activate  r  dec. .-eased  the 

deposition  rate  or  had  no  effect. 

•  Temperature  Increasing  the  temperature  increaf ed  the  deposition 

rate. 

•  Grit  size  Decreasing  the  grit  size  increased  the  deposition  rate. 

•  Alloy  Deposition  rate  was  highest  on  D43  followed  by  B66, 

and  then  by  Cb752. 

The  coated  specimens ,  excepting  those  coated  in  pure  molybdenum,  retained 
bend  ductility  at  room  temperature.  Appearance  of  the  specimens  after  coating  was 
bright  metallic  except  for  the  D43  alloy  which  had  a  metallic  but  dull  appearance. 

This  dull  appearance  is  probably  the  result  of  surface  carbide  formation  from  reaction 
of  the  carbon  in  the  gnbstrate  alloy  with  titanium  pack  vapors.  The  reaction  of  carbon 
with  the  pack  vapor  is  probably  also  responsible  for  the  higher  deposition  rates  ob¬ 
served  on  the  D43  alloy. 

Deposition  rates  on  alloys  were  too  slow  to  effect  the  major  modification  re¬ 
quired  in  the  duplex  coating  system.  As  an  estimate  of  the  temperature  that  would  be 
necessary  to  effect  the  required  deposit  (20  mg/cm  )  in  15  hours,  the  effective  de¬ 
position  rate  coefficient  (EDRC)  was  determined  at  2000  and  2200  F  for  a  15-hour 
coating  cycle  using  the  following  expression: 

W2  =  Kt 

2 

where  W  is  weight  deposited  in  mg/cm  ,  K  is  the  effective  deposition  rate  coefficient 
and  t  is  the  pack  cycle  time  in  hours.  The  values  for  K  are  given  in  Table  LV  for  the 
B66  alloy  coated  with  the  -20  +  SOM  and  -50  +  200M  pack  media. 

The  change  in  rate  of  a  diffusion-controlled  process  with  temperature  should 
obey  the  general  Arrhenius  rate  equation: 

K  -  Kq  exp(-,AH/RT). 

Thus,  using  the  two  temperature  points,  2000  and  2200  F,  and  the  EDRC  values,  it  is 
possible  to  estimate  the  temperature  required  to  obtain  the  desired  EDRC  value  for  a 
practical  process,  i.  e. ,  Ka  26. 7  mg  /cm  hr.  Figure  94  shows  a  graph  of  the  data. 
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TABLE  LV 


EFFECTIVE  DEPOSITION  RATE  COEFFICIENT  FOR  THE  75Mo-25Ti  PACK 

ON  B66  ALLOY 


Pack  Cycle 

Deposit 

Weight 

(mg/cm2) 

Run 

No. 

Pack  Composition 

Temperature 

(F) 

Time 

(hr) 

(mg2/  cm^hr) 

B13 

-20  +  SOM,  0. 4  wt  %  NaCl 

2000 

15 

0,2 

0. 00267 

B9 

-20  +  SOM,  0. 4  wt  %  NaCl 

2200 

15 

0.5 

0.0167 

B7 

-20  +  SOM,  0.04  wt  %  NaCl 

2200 

15 

0.5 

0. 0167 

B5 

-20  +  SOM,  0.  04  wt  %  NaCl 

2200 

6 

0.3 

0. 0150 

B10 

-50  +  200M,  0. 4  wt  %  NaCl 

2200 

15 

0.5 

0. 0167 

B8 

-50  +  200M,  0. 04  vt  %  NaCl 

2200 

15 

0.6 

0. 0240 

B6 

-50  +  200M,  0. 04  wt  %  NaCl 

22  CO 

6 

0.4 

0. 0267 

The  extrapolated  temperature  for  an  EDRC  of  26. 7  is  3480  F.  Essentially, 
the  data  show  that  the  deposition  of  a  75Mo-25Ti  alloy  is  impractical  by  a  diffusion- 
controlled  process,  such  as  pack  cementation,  within  the  capabilities  of  existing 
facilities. 

In  a  second  series  of  deposition  runs  with  the  75Mo-25Ti  pack,  temperatures 
of  2000,  2200,  and  2600  F  were  investigated.  Activators  included  were  primarily  NaF 
and  NaCl  at  weight  percentages  of  0. 04  and  0. 4,  but  several  runs  were  made  with 
silver  halides  and  sulfur  to  evaluate  the  effect  of  activators  that  thermodynamically 
were  more  reactive  toward  molybdenum  than  NaF  and  NaCl. 

The  results  of  the  second  series  are  shown  in  Table  L7I.  Influence  of 
activator  concentration  or  type  was  relatively  slight.  NaF  and  NaCl  p-oduced  es¬ 
sentially  identical  deposition  rate3  at  all  temperatures.  Increasing  the  concentration 
of  activator  by  an  order  of  magnitude  (0. 04  to  0. 4  percent)  had  vo  effect  on  deposition 
rate.  The  deposition  rate  increased  slightly  with  the  silver  halides  (AgCl,  AgBr,  and 
Agl),  but  silver  was  retained  in  the  deposit. 

—6 

Decreasing  the  pressure  to  5  x  10  Torr  during  deposition  considerably  re¬ 
duced  the  deposition  rate  (Run  46B)  over  a  conventional  high-pressure  run  (770  Torr). 

Complete  loss  of  activator  is  probably  responsible  for  the  lower  rate.  Comparable 

-6 

runs  (No.  26B  and  4,JB)  were  made  at  2600  F  and  5  x  10  Torr  with  0. 04  percent 
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NaCl  and  without  an  activator.  The  activator  run  had  the  higher  deposition  rate  in¬ 
dicating  that  a  high  concentration  of  activator  to  not  required  but  that  the  rate  to 
definitely  enhanced  by  the  presence  of  the  activator. 

The  D48  alloy  consistently  had  a  higher  deposit  weight  than  toe  Cb76£  and  £06 
alloy.  This  weight  difference  was  hypothesised  to  be  the  result  of  the  presence  c$ 
carbon  in  the  D43  alloy  which  acted  as  a  compound  former  providing  a  greater  driving 
potential  for  the  deposition  reaction.  An  experiment  was  performed  (Fun  46)  in  vtiiidh 
the  043  alloy  was  carburised  in  pure  graphite  and  subsequently  orated  with  toe 
75Mo-2STi  pack  to  determine  if  the  deposition  rote  cculd  be  significantly  increased  by 
this  technique.  The  results  showed  that: 

•  The  carburising  completely  embrittled  the  substrate 

•  The  ductility  was  restored  by  the  deposition  cycle. 

The  rate  was  twice  as  high  for  toe  carburised  base  as  fox  toe  imeaTburlted  alloy.  Com¬ 
pound  formation  thus  appears  es  a  significant  driving  mechanism. 

The  me  of  deposition  from  toe  75Mo-25Ti  pack  was  extremely  slow  under  all 
conditions  and  with  all  activators.  Surface  X-ray  fluoresoenoe  analyses  also  Showed 
that  no  molybdenum  was  transferred  in  any  alkali  halide  run. 

To  determine  if  an  oxidation-reduction  type  reaction  could  be  used  to  effect 
deposition  of  molybdenum  from  the  75Mo-25Ti  pack,  two  approaches  were  tried: 

•  Segregation  of  a  silver  halide  in  the  pack  to  effect  the  following  series 
of  reaction: 

3AgBr  +  Mo  —  3Ag  +  MoCl^ 

MoCl,j  +  Cb  — —  CbCl3  +  Mo 

•  Use  of  sulfur  as  the  molybdenum  transport  media  to  force  the  following 
series  of  reaction 

Mo  +  S^— -•-MoSg 

5/2  Mo62  +  2Cb  —5/2  Mo  +  Cb^ 

The  results  of  the  oxidation- reduction  experiment  axe  listed  under  Buns  70 
and  50.  Neither  reaction  gave  a  Ujrfc  deposition  rate,  but  the  tue  of  suitor  produced 
the  only  indication  of  molybdenum  in  toe  deposit. 
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Activities  were  suspended  with  the  7SMo-25Ti  system  because  of  low  deposi  ¬ 
tion  i  %te  and  the  difficulty  of  transferring  molybdenum. 

S0Mo-50Ti  Composition 

Deposition  results  for  the  50Mo-50Ti  alloyed  pack  are  shewn  Lu  Table  LVII. 
Specimen  weight  gains  from  coatirg  runs  were  from  5  to  10  times  greater  than  those 
obtained  '.tom  the  75Mo-25Ti  composition.  Appearance  of  the  coated  specimens  were 
generally  origin  and  clean,  but  with  a  slightly  rough  texture.  All  specimens  passed 
the  90-degree  room-temperature  bend  test.  Sintering  occurred  at  2200  F  in  the  high- 
pressure  pack  and  resulted  in  the  particles  of  the  pack  being  welded  by  contact  diffu- 
sioa  to  the  surface  of  the  specimens.  At  2600  F  for  5  hours  at  5  x  10  Torr,  however, 
very  little  sintering  was  noted. 

TABLE  LVn 


PACK  DEPOSITION  RESULTS  -  50Mo-50Ti  ALLOY 
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DM  (Modifier  Cnljr) 


Substrate: 

Coating: 
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Activator: 
Deposition: 
Bend  Test: 


D43 

SOMo-50 

IS  Hoars  at  2090  T 
0.04  NaQ 

2 

1.8  mg/cm 
Passed 


Magnification:  2S0X 


FIGURE  95.  DEPOSIT  FROM  50Mo-50Ti  PACK 


Only  NaCl  was  used  as  the  pack  activator.  The  deposition  rate  was  insensi¬ 
tive  to  the  amount  of  activator  between  the  limits  investigated  (0. 04  to  2. 0  weight  per¬ 
cent). 

Two  runs  were  made  with  packs  in  the  hydrided  condition  (No.  27  and  28). 

The  specimens  were  severely  cracked  but  not  brittle.  The  end-point  ductility  indicates 
that  the  specimens  were  embrittled  and  damaged  in  heatup  by  the  hydrogen  evolution 
of  the  pack.  To  outgas  the  hydrided  packs  heating  to  2000  F  before  use  is  required. 

A  typical  photomicrograph  of  a  deposit  from  the  50Mo-50Ti  pack  is  shown  in 
Figure  95.  The  deposit  is  uniform  and  single  phased  and  exhibits  the  characteristic 
tendency  of  titanium  to  diffuse  intergranularly.  Chemical  analysis  of  the  deposits 
showed  them  to  be  molybdenum -free  indicating,  as  in  the  75Mo-25Ti  pack  runs,  that 
titanium  only  is  transported. 

25Mo-75Ti  Modifier  Pack 

Deposition  results  with  the  25Mo-75Ti  alloyed  pack  are  given  in  Table  LVHI 
and  typical  photomicrographs  are  shown  in  Figure  96.  Deposition  rates  were  higher 
than  for  packs  with  higher  molybdenum  contents,  but  otherwise  the  pack  performed 
similarly.  The  maximum  temperature  at  which  this  pack  can  be  used  with  the  high- 
pressure  deposition  techniques  is  2000  F  without  severe  sintering.  This  high  temper- 

o 

ature  does  not  severely  limit  the  use  of  the  pack  however,  because  10  mg/ cm*  can 
be  deposited  at  this  temperature  in  15  hours. 
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FIGURE  96.  DEPOSIT  FROM  25Mc-75Ti  PA.CK 


TABLE  LVm 

PACK  DEPOSITION  RESULTS  -  25MO-75T1  ALLOY 


The  deposit  contains  tif  nium  only  as  with  the  other  ti tanium -molybdenum 
pack  alloys.  The  very  severe  intergranular  penetration  of  titanium  at  only  1900  F  Is 
shown  in  the  photomicrograph  (Fig.  96)  of  an  over-etched,  coated  specimen. 

Discussion  of  the  Deposition  of  Titanium-Molybdenum  from  Packs 

Codeposition  of  titanium  and  molybdenum  by  pack  deposition  has  been  shown 
to  be  essentially  impossible.  Both  thermodynamic  and  kinetic  factors  inhibit  deposition 
of  molybdenum.  In  the  presence  of  metallic  titanium  the  possibility  of  generating  a  halide 
of  molybdenum  is  remote  based  on  the  free  energies  of  formation  of  halides  of  titanium 
and  molybdenum,  e.g. ,  -80kcal  for  ^(^(lOOOK)^1"  gm  atom  chlorine  compared  to 
-44  kcal  for  TiCl^gooK)*  ^So»  w^en  reaction  of  NaCi  (AF  =  -76. 5^000K)^ca^^ 
with  molybdenum  to  form  MoCl^  is  considered,  the  the rmodynamics  become  even 
more  unfavorable.  Although  data  are  not  readily  available  on  the  interdiffusion  rate 
of  molybdenum  in  columbium  relative  to  titanium  in  columbium,  the  difference  in 
rates  should  be  market!  based  on  melting  temperatures  alone.  It,  therefore,  appears 
safe  to  assume  that  codeposition  of  titanium  and  molybdenum  by  Simple  pack  technique 
cannot  be  effected. 

5.1.2  Molten  Metal  Deposition  of  Molybdenum  ■ 

A  brief  investigation  was  undertaken  to  study  coating  systems  for  molybdenum 
which  wffre  not  diffusion  controlled,  as  opposed  to  those  diffusion-controlled  processes 
previously  described.  In  pack  cementation,  the  reactions  for  depositing  molybdenum 
on  the  columbium  alloy  substrate  are  driven  largely  by  the  molybdenum  concentration 
gradient  in  the  substrate.  Therefore,  the  dissolution  and  diffusion  of  molybdenum  into 
the  substrate  govern  the  rate  at  which  molybdenum  coatings  can  develop.  Inasmuch  as 
the  rate  of  molybdenum  diffusion  in  columbium  is  quite  slow  at.  process  temperatures 
(2000  to  2600  F),  the  diffusion-controlled  coating  processes  would  at  best  be  time 
consuming,  requiring  many  hours  at  temperature. 

To  obtain  a  molybdenum  coating  process  which  may  be  rapid  and  capable  of 
depositing  relatively  pure  molybdenum,  binary  systems  were  studied  in  which  pure 
molybdenum  precipitates  from  liquid  solutions.  These  potential  coating  systems  are 
diiven  by  phase  equilibria  forces,  and,  theoretically,  should  be  insensitive  to  the 
surface  concentration  of  molybdenum  or  diffusion-controlled  concentration  gradients 
in  the  substrate. 


The  silver-molybdenum  and  lead -molybdenum  systems  were  eele^-tod  for 
ini  J  study  based  upon  a  survey  of  available  phase  equilibrium  diagrams  and  related 
information  (Ref.  4,  19,  and  20). 

Results  with  the  silver-molybdenum  system  were  not  encouraging.  Although 
Hansen  (Rsf  4)  states  that  "at  2912  F,  at  least  five  weight  peroent  molybdenum  is 
soluble  in  silver, "  work  at  Solar  with  arc -melted  heats  of  95Ag-5Mo  and  98Ag-2Mo 
failed  to  show  any  tendency  for  the  molybdenum  component  to  dissolve  in,  or  precipitate 
from,  the  liquid-silver  phase.  Hansen  refers  to  the  work  of  Drlebhols  (Ref.  4)  which 
concludes  "The  microstructure  of  five  percent  molybdenum  alloy  consisted  of  primary 
molybdenum  crystals  in  a  matrix  of  pure  silver. " 

The  lead-mo lybdenur  system  exhibited  greater  promise.  A  study  of  three 
arc-melted  alloys  (90Pb-10Mo,  95Pb-5Mo,  and  98Pb-2Mo)  indicated  that  the  lead- 
molybdenum  system  is  probably  a  limiting  case  of  a  eutectic  or  peritectic  (Fig.  97). 
Based  upon  the  evidence  generated,  the  eutectic  or  peritectic  very  likely  occurs  quite 
close  to  the  lead  axis,  so  close  that  only  one  liquidus  curve  is  evident. 


FIGURE  97.  PROBABLE  FORM  OF  THE  Pb-Mo  EQUILIBRIUM  PHASE  DIAGRAM 


Apparently  the  liquidus  curve  rises  very  steeply  from  near  the  melting 
point  of  lead  to  about  2200  F,  inasmuch  as  no  sign  of  molybdenum  dissolution  in,  or 
precipitation  from,  the  liquid-lead  phase  was  manifest  in  this  temperature  range. 
However,  on  cooling  from  temperatures  of  2300  F  and  above,  progressively  more 
molybdenum  was  observed  to  precipitate  within  the  lead-rich  phase,  indicating  a  mere 
negative  slope  to  the  liquidus  curve  above  2300  F  (Fig.  98).  Tais  information  matches 
the  results  of  Guertler  (Ref,  4)  who  reported  that  "The  primary  phase  (in  lead- 
molybdenum  alloys  with  up  to  20  percent  molybdenum)  is  elemental  molybdenum, 
which  precipitates  from  the  melt  at  very  high  temperatures. "  ft  was  found  impossible 
to  dissolve  all  of  the  molyodenum  in  the  three  test  alloys  even  though  process  tempera¬ 
tures  up  to  3000  F  were  applied,  indicating  solubility  of  less  than  two  percent  at  this 
temperature. 

By  immersing  a  specimen  of  pure  columbium  in  a  bath  of  95Pb-5Moal  2500  F, 
(argon  atmosphere)  then  slowly  super-cooling  the  bath  to  2000  F  (100  degrees  F/min), 
a  thin  (0. 00003  inch),  but  continuous  ccating  of  molybdenum  can  be  deposited  on  the 
columbium  (Fig.  99A).  This  procedure  requires  eight  minutes.  By  increasing  the 
initial  temperature  of  the  bath  to  2750  F,  a  molybdenum  coating  0.  0001  inch  thick  can 
be  deposited  in  a  single  run  similar  to  the  preceding  run.  Conducting  five 
(2750  F^:2000  F)  runs  in  sequence  on  the  same  columbium  specimen  builds  up 
a  molybdenum  surface  layer  approximately  0. 0002  inch  thick  (Fig.  99B).  Coatings 
0. 0002  to  0. 0005  inch  thick  conceivably  could  be  applied  in  an  hour  or  less  of  process 
time,  using  sequential  deposition. 


Massive  white  phase  is  undissolvcd  Mo; 
White  filigree  in  grey  etching  matrix  is 
Mo  precipitated  in  the  Pb-rich  phase. 


Etchant:  Murakami's 

Magnification:  25 OX 


209 


FIGURE  98. 

MICROSTRUCTURE  OF  Pb-lOMo 
ALLOY;  Quenched  From  3000  F 


2500  F  —*-2000  F  (100  degrees  F/mtn) 


Cycle: 

Coating 

Thickness: 
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Magnification: 


FIGURE  99 


i.  00003  inch 


Cycle:  Five  sequential  runs  2750  F-^— -goon  f  (100  degrees  F/mtn) 

Coating 

Thickness:  0. 0002  inch 


MOLYBDENUM  COATING  DEPOSITED  ON  PURE  COLUMBIUM 
SUBSTRATE  FROM  Pb-5Mo  LIQUID  BATh 
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Although  the  coatings  appeared  matailographically  to  be  £i ogle-phase  molyb¬ 
denum,  X-ray  fluorescent  analysis  revealed  heavy  lead  concentrations  together  with 
molybdenum.  This  condition  was  also  true  following  high-vacuum  beat  treatment  to 
boll  off  residual  lead  at  2000  F.  The  Mo-Fb  coating  was  abnormally  hard  (KHN  815) 

I 

indicating  significant  contamination.  The  most  probable  source  of  contamination  is 
dissolved  oxygen  and  nitrogen  in  commercially  pure  lead,  inasmuch  as  a  columbiutn 
wetting  problem  was  not  solved  until  a  trace  of  titanium  was  added  to  the  Pb-Mo  baths. 
Vacuum  annealing  the  coatings  (one  hour  at  1850  F)  helped  reduce  the  coating  hardness 
to  530  KHN,  but  this  hardness  level  was  still  appreciably  higher  than  that  of  the  coium- 
bium  substrate  (KHN  100)  or  the  molybdenum  melting  stock  (KHN  175) .  The  process 
was  set  aside  due  to  other  program  requirements ,  but  additional  work  in  this  area  may 
yield  some  interesting  nondiffusion-controlled  coating  processes. 

5.1.3  Displacement  Diffusion  From  the  Disilicide 

The  slow  diffusion  rate  of  molybdenum  or  tungsten  in  oolumbium  precluded 
any  possibility  of  driving  a  significant  amount  of  these  elements  into  columbium  using 
activity  difference  as  the  driving  mechanism.  The  high  mobility  of  silicon  in  the 
silicides  as  indicated  by  the  rapid  diffusion  of  silicon  in  the  formation  of  the  disilicide 
offered  another  possible  approach  to  the  deposition  of  these  elements.  By  considering 
a  displacement  diffusion  reaction  between  a  halide  of  tungsten  or  molybdenum  and 
silicon  in  the  disilicide,  a  reaction  potential  can  be  postulated,  e.  g. , 

2WF.  +  3Si — —2W  +  3!)iF .. 

O  v 

Assuming  a  silicon  activity  of  oce  in  the  disilicide,  the  free  energy  of  the  above  re¬ 
action  at  1400  K  (2060  F)  is  -564  kcal  indicating  a  very  strong  potential  for  reaction 
of  WFg  with  silicon. 

To  test  this  method  of  depositing  tungsten  or  molybdenum,  WFg  was  passed 
over  crushed  molybdenum  to  effect  some  reduction  of  the  compound  prior  io  coming 
in  contact  with  the  silicide.  The  following  reaction  would  be  predicted  fay  reacting 
WFg  with  molybdenum. 

aWFg  +  bMo — ►cWFg  +  dMoFg  +  eW 

Thermodynamics  favor  the  formation  of  the  MoF^  over  WF^.  The  gases  from  this 
reaction  in  an  argon  carrier  gaa  were  then  passed  over  silicide -coated  specimens 
for  16  hours  at  2000  F. 
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FIGURE  100. 

TUNGSTEN  AND  MOLYBDENUM  COATED  B66 

2 

in  one  experiment,  19  mg/cm  of  tungsten  and  molybdenum  were  deposited  on 

2 

a  silicided  B66  substrate.  In  anotiier  28  mg/cm  of  tungsten  and  molybdenum  neve 
deposited  on  silicided  TZM.  Figure  100  shows  a  deposit  at  tungsten  and  molybdenum 

on  silicided  B86.  X-ray  fluorescence  analysis  of  the  366  specimen  having  fie 

2 

19  mg/cm  deposit  is  given  in  Table  LOC. 


TABLE  UX 

X-RAY  COUNTS  OF  A  COATED  B66  SPECIMEN 


Specimen 

Molybdenum 

Tungsten 

Molybdenum  Standard 

28,850 

750 

Tungsten  Standard 

134 

11,850 

Coated  B66  Specimen 

14,550 

4,780 

Although  tbi  X-ray  fluorescent  analysis  indicates  transfer  of  molybdenum  and 
tungsten  the  specimens  were  severely  embrittled,  and  since  s  major  study  would  be 
required,  the  technique  was  not  pursued. 
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5. 1.4  Slurry  Deposition  of  Titanium -Molybdenum  Modifiers 


A  successful  slurry  technique  for  introducing  molybdenum  beta  ooatings  for 
oobaaMum  alloy*  was  evolved  vwy  late  to  the  program.  &  was  aa  adaptation  of  a 
technique  developed  on  a  concurrently  funded  program  at  Solar  for  tantalum  alky 
coatings.  (Bef.  17).  The  slurry  materials  used  throughout  the  study  are  listed  to 
Table  LX. 


tabu:  lx 


MATERIALS  USED  FOR  SLURRY  COATING  Cb7S2 


Material 

Particle  Size 

Purity 

Source 

Titanium 

-325  mesh 

99.5 

Metals  Disintegrating 

Molybdenum 

-325  mesh 

99.95 

Dill  industrial 

Iron 

Plast  -  Iron 

- 

(Hidden 

Manganese 

Plast  -  Manganese 

- 

Glidden 

Boron 

Amorphous 

94-97 

American  Potash 

Ethyl  cellulose 

N-200 

Hercules  Powder 

Xylene 

- 

Shell 

Secondary  butyl  alcohol 

- 

Mefford  Chemical  Co. 

Commercial  spray  guns  were  used  exclusively  apply  toe  metal  modifiers 
which  were  suspended  in  an  organic  vehicle.  SUicitong  of  the  sprayed  and  sintered 
modifier  layer  was  accomplished  by  pack  ce mentation  in  retorts  shown  schematically 
in  Figure  101. 

The  ret?  t  was  evacuated  and  cycle  purged  approximately  five  times  with 
argon,  prior  to  system  seal-off  with  a  mercury  bubbler. 

The  modifier  systems  initially  studied  wert  95Mo-5Ti,  9QMo-10Ti,  80Mo-20Ti, 
and  70Mo-30Ti  (all  weight  percent).  Slurries  of  each  system  were  prepared  by  sus¬ 
pending  the  metal  powders  in  a  vehicle  of  ethyl  cellulose,  xylene,  secondary  butyl 
alcohol ,  and  Stoddard  solvent.  The  slurries  were  applied  to  1.0  by  2.0  by  0.03-inch 

_4 

Cb752  coupons  by  spraying.  A  cycle  of  15  hours  at  2400  F  and  10  Torr  vacuum  was 
employed  for  sintering  the  7CMo-3QTi  and  &)Mo-20Ti  compositions,  and  a  cycle  of 

_4 

15  hours  at  2700  F  and  10  Torr  vacuum  was  used  for  toe  sinter  mg  of  the  OOMo-lOTl 
and  »5Mo-5Ti  compositions.  Pack  sill  elding  of  all  specimens  was  accomplished  in  a 


TITANIUM  PACK  INCONEL 


TUNGSTEN  Cb-lZr 

GEP ABATOR 


SHEET 

FIGURE  101.  SCHEMATIC  DRAWING  OF  A  HIGH- PRESSURE  RETORT 


seven  boor,  2150  F  ^yele.  The  resultant  modifier  and  silicon  depositions  are  sum¬ 
marized  in  Table  LXL  Figure*  102  and  103  show,  respectively,  die  coating 
mi  c. restructures  before  and  after  siliciding.  The  80Mo-20Ti  oo  sting  spalled  on 
sili  elding  and  is  not  shown.  A  compariso  n  of  the  as -modified  and  silicided  nncro- 
structures  indicated  a  considerable  decrease  in  costing  porosity  as  a  result  of  the 
volume  expansion  during  siliciding. 


TABLE  LXI 

DEPOSITION  OF  THE  Mo-Ti  MODIFIERS  AND  SILICON 
“1 - 1 - 1 - 


Slurry  Modifier 
Composition 
(wt  %) 

Modifier 

Cycle 

Deposition 

(mg/cm2) 

Silicon 

Cycle 

Deposit! 

(mg,  cm 

70MO-30TI 

15  hours  at  2400  F 

59 

7  hours  at  2150  F 

38 

SOMo  20T1 

15  hours  at  240C  F 

71  : 

7  hours  at  2150 

| 

43 

i 

90Mo-10Ti 

15  hours  at  2700  F 

67 

7  hours  at  2150  F 

|  34 

95MO-5T1 

15  hours  at  2700  F 

68 

7  hourr  at  2150  F  i 

I  32 

70Mo-30Ti  Composition 


Magnification:  ZDC.< 


80Mo-20Ti  Composition 
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90Mo~10Ti  Composition 


95Mo-5Ti  Composition 


FIGURE  102.  MICROSTRUCTURE  OF  SEVERAL  MOLYBDENUM-TITANIUM 
MODIFIER  COATINGS 


Triplicate  specimens  of  each  coating  were  oxidation  tested  at  1600  and  2400  F. 
The  results,  summarized  in  Table  LXII  indicated  that  the  95Mo-5Ti  modifier  composi¬ 
tion  performed  best  at  2400  F,  although  1600  F  protection  was  poor. 

To  improve  the  oxidation  resistance  at  1600  F  by  a  self-healing  mechanism, 
the  addition  of  glass  network  modifiers  such  as  iron,  manganese,  and  boron  was  in¬ 
vestigated.  The  following  compositions  were  spray  slurry  applied  on  Cb752  eoujons 
and  vacuum  sintered  for  15  hours  at  2700  F:  89Mo-5Ti-6B,  86Mo-4Ti-10Fe,  and 
86Mo-4Ti-10Mn.  The  sintered  nr  a  restructure  of  these  modifiers  is  show:,  in 
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Silicided  70Mo-30Ti  Composition 


Silicided  90Mo-10Ti  Composition 


Magnification:  250X 


Silicided  95Mo-5Ti  Composition 


FIGURE  103.  MICROSTRUCTURE  OF  THE  SILICIDED  MOLYBDENUM- 
TITANIUM  COATINGS 


Figure  104.  All  sUiciding  of  these  modifiers  was  done  in  -200  mesh  unactivated  pure 
silicon  high-pressure  pack,  using  a  seven-hour,  2150  F  cycle.  A  summary  of  the 
modifier  and  silicon  deposition  is  presented  in  Table  LXIII. 

Triplicate  specimens  of  each  coating  were  oxidation  tested  at  1600  and  2400  F. 


The  test  results  are  summarized  in  Table  LXII  and  the  systems  are  discussed  in 


Paragraph  5.1.5. 


One  series  of  specimens  coated  with  the  silicided  95Mo-5Ti  composition  was 
impregnated  with  a  barium  borosilicate  gla^s  ^Solar  S5210  frit)  to  improve  the  1600  F 
oxidation  resistance. 


216 


Magnification:  75X 
89Mo-5Ti-6B  Composition 


Magnification:  75X 
Silicided  69Mo-5Ti-6B  Composition 
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FIGURE  104.  MICROSTRUCTURE  OF  THE  MODIFIED  MOLYBDENUM  -TITANIUM 
COATINGS  BEFORE  AND  AFTER  SILiCIDING  (Sheet  1  of  2) 


Magnification:  75X 
Silicided  8fMo-4Tl-10Ke  Composition 


Magnification:  100X 
88Mo-4Ti-10Fe  Co  nposltion 


Magnification:  100X 
86Mo-4Ti-10Mn  Composition 


Magnification:  75X 
Silicided  86Mo-4Tl-10Mn  Composition 


FIGURE  104.  MICROSTRUCTURE  OF  THE  MODIFIED  MOLYBDENUM-TITANIUM 
COATINGS  BEFORE  AND  AFTER  SILICIDING  (Sheet  2  of  2) 


TABLE  LXH 

OXIDATION  PERFORMANCE  OF  THE  (Mo-Ti)-Si  AND  (Mo-Ti-X)-Si  COATING 
SYSTEMS  ON  0.  030-INCH  Cb752  ALLOY 


Coating  Composition 


(70Mo-30Ti)-Si 

(90Mo-10Ti)-Si 

(95Mo-5Ti)-Si 

(80Mo-5Ti-6B)-Si 

(86Mo-4Ti-10Fe)-Si 

(86Mo-4Ti-10Mn)-Si 

(95Mo-5Ti)  -Si-impregnated 


Oxide tion  Performance 
Hours  to  Failure  for  Each  Specimen 


<96,  <144,  <264 
<24,  <24,  <24 
<24,  <24,  <24 
>576,  >576,  >576 
<24,  >576,  >576 
<24,  <24,  <24 
<240,  >552,  >552 


2400  F 

11, 

i4,  35 

104, 

166,  166 

100, 

171(1),  281 

24, 

31,  36 

202, 

210,  220 

166, 

166,  166 

222, 

229,  255 

1.  Specimen  dropped  and  damaged. 


TABLE  LXm 


DEPOSITION  OF  THE  IRON-,  MANGANESE-,  BORON- CONTAINING 

MODIFIERS  AND  SILICON 


«* 

[  Slurry  Modifier 
Composition 
(wt  %) 

Modifier 

Cycle 

Deposition 

(mg/cm2) 

Silicon 

Cycle 

Deposition 

(mg/cm2) 

89Mo-5Ti~6B 

15  hours  at  2700  F 

! 

71 

7  hours  at  2150  F 

42 

86Mo-4Ti-10Fe 

15  hours  at  2700  F 

67 

7  hours  at  2150  F 

38 

86Mc-4Ti-10Mn 

15  hours  at  2700  F 

66 

7  hours  at  2150  F 

39 

The  finely  milled  glass  slurry  was  sprayed  over  the  coating,  allowed  to 

penetrate  into  the  coating  by  capillary  action,  and  then  removed  from  the  specimen 

surface  by  wiping.  The  specimens  were  subsequently  fired  at  1800  F,  resulting  in 

2 

an  average  coating  weight  gain  of  0. 5  mg/cm  .  Again,  triplicate  specimens  of  the 
impregnated  coatings  were  oxidation  tested  at  1600  and  2490  F. 

5.1.5  Oxidation  Testing  of  the  (Mo-TJ)-Si  and  (Mo-Ti-X)-Si  Systems 

Cyclic  oxidation  test  results  on  the  slurry-coated  specimens  are  sunmi  arized 
in  Table  LXII.  The  microstructure  of  the  (95Mo-5Ti)-Si  and  (90Mo-lQTi)-Si  coalings 
after  failure  at  2400  F  are  shown  in  Figure  105.  Each  view  shows  considerable  oxida¬ 
tion  undercutting  of  the  unsilicided  zone  of  file  coating.  Failure  generally  occurs  by  a 
gradual  increase  in  the  width  and  depth  of  cracks  which  permits  oxygen  ingress  to  the 
substrate. 

An  impregnated  (95Mo-5Ti)-Si  and  a  (86Mo-4Ti-10Fe)-Si  coated  Cb752 
specimen,  both  of  which  survived  more  than  200  hours  of  MAB-201M  cyclic  oxidation 
testing  at  2400  F,  were  examined  by  microbardness  traverses  to  determine  the  extent 
of  oxygen  contamination  (Fig.  106).  The  iron-bearing  coating  appeared  to  be  most 
contaminated  but  bend  tests  performed  on  the  specimens  revealed  that  room  tempera¬ 
ture  ductility  was  lost  in  both  specimens. 

5.1.6  Discussion  of  the  Systems  Titanium -Molybdenum  Slurry  System 

On  the  basis  of  oxidation  resistance  at  1600  F  and  2400  F  and  substrate  de¬ 
terioration,  the  glass  impregnated  (95Mo-5Ti)-5i  coating  exhibited  the  most  outstand¬ 
ing  performance.  The  iron-modified  35Mo-  5Ti  composition  gave  some  problems  at 
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FIGURE  105.  MICROSTRUCTURE  OF  FAILED  (Mo-Ti)-Si  COATINGS 

1600  F  and  was  slightly  inferior  at  2400  F  to  the  glass  impregnated  (95Mo-5Ti)-Si 
composition.  Oxidation  resistance  at  1600  F  was  considered  poor  for  the  manganese 
modified  coating.  Its  performance  at  2400  F  was  also  inferior. 

Slurries  sintered  at  2400  F  (the  70Mo-30Ti  and  80Mo-20Ti  compositions) 
either  spalled  on  siliciding  or  performed  poorly  at  2400  F.  The  70Mo-30Ti  composition, 
however,  gave  fair  performance  at  1600  F,  whereas,  the  95Mo-5Ti  and  90Mo-10Ti 
coatings  sintered  at  2700  F  had  most  of  their  trouble  at  1600  F. 
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'k ;  mxxypt* 


(50  Gram  Load) 


Impregnated  (95Mo-5Tt)-SJ  Coatn^  Cb752 
Alloy  alter  222  hours  at  2400  F 


Magnification:  150X 


KHN 

(50  Gram  Load) 


(86Mo-4Ti-10Fe)-Si  Coating  on  Cb752 
Alloy  after  202  hours  at  2400  F 


Magnification:  150X 


FIGURE  106.  MICROHARDNESS  OF  SELECTED  SLURRY  COATINGS  AFTER 
2400  F  OXIDATION 


Because  of  the  small  effort  that  was  expended  on  slurries  little  more  can  be 
concluded  about  them.  They  do  appear  promising  and  more  effort  should  be  devoted 
to  them  to  compliment  the  current  studies  being  performed  at  Solar  on  the  protection 
of  tantalum  with  slurry  coatings  (Ref.  17).  Lives  of  600  hours  or  more  at  2400  F 
have  been  obtained  with  slurry  coatings  on  tantalum  in  that  program  with  retained 
bend  ductility. 

Specimen  of  the  (95Mo-5Ti)-Si  glass  impregnated  coating  were  erosion  rig 
tested  in  Phase  IQ  of  this  program  and  in  a  concurrent  program  (Ref.  1)  at  Pratt  & 
Whitney.  Results  appeared  quite  satisfactory  relative  to  any  other  coating  investigated, 
but  the  number  of  specimens  tested  was  small  leaving  considerable  future  work  to  prove 
these  slurry  sintered  coatings. 

5.2  THE  V-(Cr-Ti)-Si  SYSTEM 

hi  the  initiation  of  the  development  activities  on  the  (V-Cr)-Si  coating, 
numerous  methods  were  investigated  in  an  effort  to  deposit  uniform  V-Cr  modified 
layers  on  D43  and  Cb752  alloys  (0. 012  inch).  Alloy  purification  studies  were  also  in¬ 
cluded  to  minimize  oxygen  transport  from  the  V-Cr  modifier  alloys  to  the  specimens. 
The  activities  covered: 

•  Coating  deposition 

V-Cr  codeposition 

High-pressure  pack 
Vacuum  pack 

Vanadium  deposition 
High-pressure  pack 
Low-pressure  pack 
Fused  salt  electrodeposition 

Chromium  deposition 
Fused  salt 

(Cr-Ti)  deposition 

High-pressure  pack 
Low-pressure  pack 

•  Pack  alloy  purification 

V-Cr  -  Arc  melting  alloys  with  additions  of  rare  earths,  titanium, 

and  carbon 
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This  section  will  not  include  the  presentation  of  all  of  these  data,  but  rather  will  pre¬ 
sent  the  most  satisfactory  approaches  to  the  development  of  a  surface  layer  containing 
vanadium  ami  chromium,  i.e. ,  the  multicycle  V-(Cr-Ti)-Si  coating  applied  by  pack 
deposition  techniques.  Pack  alloy  purification  studies  and  the  other  deposition  ap¬ 
proaches  are  summarized  in  the  Appendix.  In  brief,  oodeposition  of  V-Cr  was  not 
possible  in  the  amounts  desired  (IS  to  20  mg/cm  )  at  temperatures  up  to  2600  F. 

Fused  salt  deposition  of  chromium  severely  embrittled  the  alloys,  although  deposits  of 
adequate  thickness  oould  easily  be  plated;  and  addition  of  rare  earths  to  V-Cr  minimized 
oxygen  transport  when  the  alloys  were  used  in  packs ,  but  deposition  rates  were  low 
and  there  was  indication  of  specimen  staining  as  a  result  of  rare  earth  metal  transport. 
Hie  use  of  titanium  in  the  chromium  packs  was  essential  to  increase  dm  deposition 
rate  and  to  control  the  oxygen  transport,  although,  as  will  be  noted  later,  titanium 
oould  not  completely  prevent  the  embrittlement  of  the  high  zirconium  Cb752  alloy. 

For  comparison  with  the  V-(Cr-Ti)-Si  coating  system,  a  brief  presentation 
of  data  on  the  (Cr-Ti)-Si,  (Cr-Ti)-V-Si,  and  V-Si  coatings  is  included  to  show  the 
differences  in  oxidation  performance. 

Preliminary  work  on  the  V-(Cr-Ti)-Si  coating  was  largely  distributed  among 
three  series  of  specimens.  The  initial  series  was  a  small  number  of  C5752  coupons 
designed  to  determine  whether  or  not  the  system  was  promising,  and  also  to  contrast 
the  performance  of  titanium -chrome  deposited  from  60Cr-40Ti  and  8QCr-20Ti  packs. 

In  addition  to  verifying  by  Weibull  analysis  the  conclusions  of  the  first  series, 
the  second  series  specimens  were  (Cr-Ti)  coated  in  a  sealed  vacuum  container  to  help 
eliminate  the  embrittlement  of  the  Cb752  alloy.  The  post  (Cr-Ti)  diffusion  anneals 
were  also  carried  out  in  a  vacuum.  The  D43  as  well  as  the  Cb752  alloy  was  included  in 
the  second  series. 

The  purpose  of  the  third  series  was  to  resolve  whether  or  not  the  diffusion 
annealing  cycles  contributed  anything  to  the  performance  of  the  coating.  The  deposi¬ 
tion  of  vanadium  and  (Cr-Ti)  from  vacuum  containers  was  a  second  goal  for  that  aeries, 
but  difficulties  with  wilding  the  Cb752  container  postponed  accomplishment.  Like  the 
second  series,  both  the  D43  and  Cb752  alloys  were  tested. 

Prior  to  work  on  the  third  series  specimens,  &  small  side  effort  was  given 
to  developing  the  low-pressure  vanadium  pack  on  a  number  of  CblS2M  specimens.  As 
a  result  of  that  study,  a  decision  w m  made  to  use  this  pack  for  further  vaaadixiog. 


The  final  activity  in  Phase  I  of  the  program  was  the  application  of  the  selected 
coating,  V-<Cr-Ti)-Si,  to  the  specimens  to  be  evaluated  in  Phase  II  (Reentry  applica¬ 
tion,  Part  IQ  and  Phase  m  (Turbo machine ly  application.  Part  El), 

S.  2. 1  Deposition  of  Vanadium 

Four  approaches  were  investigated  in  an  effort  to  deposit  vanadium  onto  Cb752 
and  D43  alloys  -  high  pressure  pack  deposition,  low  pressure  pack  deposition,  non- 
electrolytic  and  electrolytic  deposition  from  fated  salt.  Fused  salt  deposition  is  pre¬ 
sented  in  the  Appendix  sinoeft  was  not  the  selected  technique.  Pack  techniques  were 

emphasised,  since  they  required  the  minimum  development  to  effect  toe  program  goals 
2 

of  3  to  7  mg/cm  vanadium  without  severe  substrate  embrittlement. 

Pack  Deposition 

Materials.  All  vanadium  pack  media  used  on  the  program  waa  of  the  purity  designated 
by  Union  Carbide  as  99. 8  percent.  The  oxygen  content  was  guaranteed  to  be  less  than 
1000  ppm  and  the  iron  was  less  than  1200  ppm. 

Early  in  tbe  program,  reagent  grade  NaF  was  used  as  the  pack  activator, 
but  K2  VF_  was  found  to  be  much  more  effective.  The  latter  chemical  was  produced 
at  Solar  by  the  following  procedure: 

Potassium  Vanadium  Pentafluoride  (KqVF5)  Preparation 

•  100  grams  of  99. 8  percent  vanadium  were  slowly  dissolved  in  concentrated 
hydrofluoric  acid  produce  tbe  dark  green  vanadium  trifluoride  solution. 

•  450  grams  of  reagent  grade  potassium  bifluoride  (KF.  HF)  were  dissolved 
in  hot  water  and  added  to  the  vanadium  trifluoride  solution.  The  mixture 
was  allowed  to  stand  overnight  to  ensure  complete  precipitation  of  the 
green  KjVF,..  nHzO  product. 

•  Hie  dear  supernatant  liquid  was  decanted. 

•  The  filtered  green  precipitate  was  water  and  acetone  rinsed  vacuum 
dried  for  16  hours  at  250  F. 

•  The  precipitate  was  further  dried  at  500  F  for  16  hours  in  a  protective 
atmosphere  of  hydrogen  fluoride  gas  and  was  cooled  in  an  argon  atmos¬ 
phere.  This  treatment  is  required  to  prevent  oxy fluoride  formation  and 
ensure  complete  removal  of  water. 

•  The  light  green  K-VF5  product  (approximately  250  grams)  was  stored  in 
a  desiccator  until  needed 
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Before  Baaawl 


After  Beaowl 


Deposition  Cycle*:  2250  F,  15  boon  la  a  99%  vanadium 
pack  (-8  +  20)  with  1  percent  NaF 

Magnification:  JX 

FIGURE  107.  SINTERING  DURING  VANADIUM  DEPOSITION 


High-Pressure  Pack  Deposition 

Series  I.  In  Series  I,  70  specimens  (0. 012  fay  1/2  by  3/4 -inch  Cb752  alloy)  were 
vanadized  in  a  99  percent  vanadium  (99. 8%  V,  -8  +  20  mesh  size)  -I  percent  NaF 

2 

high-pressure  pack  using  a  2250  F,  15-hour  cycle.  Weight  gains  average  9. 1  mg/cm  , 
but  this  was  not  a  uniform  deposit  since  considerable  sintering  of  particles  to  the  spec! 
mens  was  in  evidence.  Sintering  was  so  acute  after  the  15 -hour  run  that  the  pack  had 
to  be  bio  ken  by  chiseling,  and  the  removal  of  vanadium  particles  bonded  to  the  speci¬ 
mens  often  damaged  the  coating. 

The  macrophotographs  in  Figure  107  show  the  specimens  before  and  after 
the  vanadium  particles  were  removed. 

To  decrease  the  concentration  of  vanadium  on  the  surface  to  approach  the 

range  of  greater  oxidation  resistance  in  tLs  Cb-V  field,  the  Series  i  specimens  were 

-5 

given  a  2500  F,  six-hour  anneal  in  a  10  Torr  vacuum.  A  comparative  X-ray 
fluorescent  analysis  before  and  after  annealing  is  given  below. 

Before  After 

Element  Annealing  Annealing 


Columbium 

Vanadium 


26,900 

7200 


32,600 

2910 


A  Cb752  specimen  used  as  a  standard  gave  the  following  rates-  CbJ8,300;  V30.7; 

Fe275. 

Hie  microstructure  aad  K&N  (50 -gn  i  load)  micnohandness  traverses  are 
shown  in  figure  108.  The  hardness  results  show  very  little  hartkadng  of  the  Gb7S2 
substrate  and  a  relatively  soft  coating,  particularly  as  deposited.  The  specimen  ex¬ 
hibited  bend  ductility  before  and  after  diffusion  annealing. 

The  principal  limitation  of  the  Series  I  process  for  vanadium  deposition  was 
in  the  excessive  sintering  of  particles  to  the  specimen  and  in  particle -to -particle 
sintering  in  the  pack  that  made  it  extremely  difficult  to  extricate  the  specimens. 

Series  H.  Ip.  the  Series  II  vanwfixing  runs,  several  approaches  were  undertaken  to 
lessen  the  sintering  problem  noted  in  Series  I.  These  were  use  of  K^VF,.  as  sa 
activator  hopefully  to  increase  the  deposition  rate  by  increasing  the  vanadium  ion  con¬ 
centration  in  tlic  vapor  phase,  and  a  redaction  in  deposition  time  to  minimise  solid- 
state  bonding.  Both  0.012-  by  0.5-  by  0. 75 -inch  043  and  Cb752  ailoy  specimens  were 
included  in  Series  II  runs.  Hie  same  high-pressure  deposition  technique  used  in 
Series  I  was  used  in  Series  n  runs.  Activators  were  added  at  the  one  percent  level. 

To  determine  the  effect  of  time  on  the  deposition  weight,  a  group  of  D43  and 

Cb752  specimens  were  coated  for  three  hours  at  2250  F  in  a  NaF -activated  pack 

similar  to  Series  L  Sintering  was  negligible  in  this  time,  but  deposition  was  only 

1  mg/ cm  .  The  run  was  repeated  on  the  same  specimens  with  the  anticipation  that 

all  of  the  retort  materials  would  have  become  coated  with  vanadium  and  the  rate 

2 

would  increase.  A  slight  increase  was  noted  to  1. 5  mg/cm  ,  but  the  time  and  expens 

2 

to  attain  the  objective  of  7  mg/cm  would  be  prohibitive  by  this  multiple  cycling 
technique.  Multiple  cycling  did,  however  decrease  sintering. 

In  tn  attempt  to  increase  the  deposition  rate,  the  same  specimens  tbvt  had 
been  cycled  twice  were  cycled  again,  but  this  time  one  percent  K^VF^  was  used  as  the 
activator.  A  three -her,  2250  F  cycle  was  used.  Tv“  deposition  rate,  even  though  there 
was  already  considerable  vanadium  on  the  specimens,  was  markedly  increased 
(Table  LXIV).  Sinteri^j  was  also  greatly  reduced  relative  to  the  Seri  as  i  runs  (Fig.  108). 


KKN 


A.  A a  Coated 

Initial  specimen  hardness 
equals  213 


Magnification  250X 


B.  Annealed  for  6  hours  at  2500  F 
in  10  "5  Torr  vacuum 


FIGURE  108.  VANADIUM  GOATED  Cb’?5>J  ALLOY;  Series  I  Specimens 


TABLE  LXIV 


SERIES  II  VANADIUM  DEPOSITION 


The  microstructure  and  hardness  o.  /anad^ed  Series  Ii  Cb752  and  D43 


specimens  are  show*.  in  Figures  109  and  .110.  Ductility  was  retained  in  the  as-deposited 
and  annealed  conditions,  and  t»:°  microhardness  of  the  substrate  was  only  siightly  in¬ 
creased.  The  diffused  coating  was  markedly  harder  than  the  as-deposited  vanadium 
indicating  major  solid-solution  hardening,  interstitial  contamination,  or  the  formation 
of  the  CbV2  intermetallic  analogous  to  the  CbCr^  Laves  phases.  The  low-vanadium 
content,  as  indicated  from  the  fluorescent  analysis  Table  LXV,  after  annealing  would 
not  support  the  Laves  phase  hypothesis;  consequently  the  first  two  reasons  given  are 
probably  responsible  for  the  high  hardness. 

TABLE  LXV 

X-RAY  FLUORESCENT  ANALYSES  OF  THE  Cr-Ti  COATED  SPECIMENS 
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D43  alloy;  K9VF_  activator  -6.7  mg/cm  V 


Magnification:  3X 
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FIGURE  109.  AS-VANADIZED  Cb752  AND  D43  ALLOYS;  Series  II  Specimens 
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(CO  Orm  Loss) 


A*  Vanadised  Cb752  Alloy 
Magnification:  250  X 
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Magnification:  250  X 
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FIGURE  110.  VANADIZED  AND  ANNEALED  Cb752  AND  D43  ALLOYS; 
Series  n  Specimens  (Sheet  I  of  2) 
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As  Vtnadlzed  D43  Alloy 
Magnlfl  siioo:  250  X 
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Vanndized  and  Annealed  1)43  Alloy 
Magnlficatl<>a:  250  X 


FIGURE  110.  VANADIZED  AND  ANNEALED  Cb752  AND  D43  ALLOYS; 
Series  II  Specimens  {Sheet  2  of  2) 


Series  HI.  The  Series  in  vwadized  specimens  were  prepared  primarily  to  determine, 
for  the  oxidized  V-(Cr-Ti)-Si  coating,  if  the  diffusion  cycle  after  vanadlzing  was 
essential  to  long  oxidation  life.  The  vanadlzing  was  performed  using  the  high-pressure 
pack  system,  1  percent  K^VF,.,  99  percent  vanadium  (-8  +  20  mesh)  and  a  cycle  of 
300  minutes  at  2250  F. 

Separated  activator  was  used  in  this  series.  The  activator  was  added  by 
first  laying  down  a  0. 25-inch  layer  of  vanadium,  then  the  activator  followed  by  another 
0.25-inch  of  vanadium.  All  of  the  specimens  were  then  immersed  in  vanadium 
granules  above  this  activator  reservoir.  Elimination  of  the  liquid-phase  activator 
contact  with  the  specimen  was  designed  to  eliminate  any  nonelectrolytic  fused  salt 
transfer  of  vanadium  that  would  occur  at  the  contact  site,  perhaps  contributing  to 
sintering. 

Deposition  weights  were  7.  3  and  5. 0  on  Cb752  and  D43  alloys,  respectively. 
Sintering  was  similar  to  the  Series  II  specimens,  but  this  was  considered  an  improve¬ 
ment  because  the  deposition  weight  in  the  group  of  specimens  in  a  single  cycle  was 
greater  than  for  the  Series  n  specimens.  All  other  characteristics  were  similar  to 
the  Series  I!  deposit.  Fend  ductility  was  retained. 

Vacuum  Pack  Deposition 

Two  vanadizing  runs  were  made  in  vacuum  packs.  The  runs  used  the  sepa¬ 
rated  activator  (one  percent)  of  the  Series  III  runs  and  the  -8  +  20  mesh  vanadium 
granules.  A  pure  vanadium  retort  was  used.  Sealing  of  the  retort  was  by  a  TIG  and 
EB  welding  procedure  as  shown  in  Figure  111.  Overnight  pumpdown  in  the  EB  welder 
was  used  to  outgas  the  retort  prior  to  final  sealing. 


EB  WELDED  SEAL 


FIGURE  111.  SCHEMATIC  ARRANGEMENT  OF  A  LOW-PRESSURE  RETORT 
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Two  runs  were  made  with  300-minute  cycles  at  2300  F  and  yielded  4.8  and 
7. 7  mg/cm  of  vanadium  with  slightly  less  sintering  than  the  Series  IQ  runs.  Cause 
of  variation  in  deposition  weight  is  not  known,  hot  this  technique  was  very  sensitive  to 
loss  of  activatur  from  the  retort.  Since  the  retort  is  heated  in  a  10  vacuum,  activa¬ 
tor  losses  can  be  quite  high  even  from  undectable  weld  fissures. 

5. 2. 2  Deposition  of  Chromium-Titanium 

Two  pack  materials,  60Cr-40Ti  and  80Cr-20Ti,  were  investigated  to  de¬ 
termine  the  one  which  would  provide  the  most  oxidation-resistant  coating  over 
vanadized  Cb752  and  D43  alloys.  The  goal  was  the  highest  chromium  content  possible 
to  minimize  the  effect  of  the  titanium  in  the  coating  as  an  interstitial  sink  for  carbon 
and  oxygen  from  the  substrate. 

Material 

Chromium-titanium  pack  media  in  weight  percent  were  either  of  arc-melted 
60Cr-40Ti  powder  or  an  80Cr-20Ti  mixture.  The  latter  was  produced  by  blending 
50  weight  percent  (60Cr-40Ti)  alloy  with  £9  weight  percent  hydrogen-reduced  elec¬ 
trolytic  chromium.  Table  LXVI  lists  the  pack  powders  used,  the  manufacturer,  their 
mesh  size,  and  iron  and  oxygen  analyses. 


TABLE  LXVI 

CHROME-TITANIUM  PACK  MEDIA 


Chemical  Analysis  (wt  %) 

Material 

Mesh 

Size 

Oxygen 

<%> 

Iron 

(%) 

Manufacturer 

60  wt  %  -  40  wt  %  Ti 

-50  +  100 

0.083 

0.21 

Oremet 

Hydrogen  reduced 
electrolytic  chromium 

-50  +  100 

0.119 

0.24 

L 

Union  Carbide 

Preliminary  Deposition  Studies 

Initial  deposition  studies  were  designed  to  determine  the  most  effective  pack 
activator  and  (Cr-Ti)  pack  composition  for  coating  the  vanadized  columbium  alloys. 
High  -pressure  runs  made  with  both  60Cr-40Ti  and  80Cr-20Ti  materials  and  .NaF  and 
K2VF5  activators  at  2300  F  showed  that  there  were  no  advantages  in  the  use  of  KjVFg 
over  the  NaF  activator.  .Sodium  fluoride  was,  therefore,  selected  at  the  one  percent 
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FIGURE  112.  AS-COATED  SURFACE  FINISH  OF  CHROMIUM-TITANIUM 
VANADIZED  Cb752  ALLOY 


level  for  all  subsequent  studies.  These  preliminary  studies  also  showed  that  it  re- 
quired  approximately  1. 5  hours  to  deposit  8  to  1 1  mg/cm  from  the  60Cr-4GTi  pack 
at  2300  F,  and  5. 0  hours  to  deposit  a  similar  quantity  from  the  80Cr-20Ti  pack. 

Neither  the  60Cr-40Ti  nor  the  80-20  specimens  would  pass  the  90-degree  bend 
test  after  the  Cr-Ti  deposition.  However,  after  the  15-hour,  2200  F  anneal,  the 
60Cr-40Ti  specimens  regained  enough  ductility  to  resist  fracturing  on  bending. 

Some  sintering  of  the  fine  (-100)  60C  *-40Ti  pack  particles  to  the  specimens 
occurred  at  the  relatively  high  deposition  temperature  used.  Figure  112  shows  the 
surface  finish  as  coated. 

Microstructure  and  micro  hardness  traverses  of  both  Ti-Cr  coatings  before 
annealing  are  shown  in  Figure  113.  There  appears  to  be  very  little  correlation 
between  substrate  bend  ductility  and  microhardnec?  Both  coatings  exhibited  Drittle 
bend  behavior,  but  substrate  hardening  was  almost  negligible.  Coating  hardness  was 
high,  however. 

Microstructures  and  hardness  traverses  after  annealing  the  Cr-Ti  coatings 
are  shown  in  Figure  113.  The  60Cr-40Ti  coating  Is  uniform,  single  phased,  and 
exhibits  a  slightly  lower  hardness  than  the  as-deposited  coating.  The  80Cr-20Ti  is 
also  uniform,  but  exhibits  a  minor  second  phase  on  the  surface  which  may  be  indica¬ 
tive  of  the  start  of  the  Laves  (MCr2)  phase  formation.  The  auriacc  hardneaa  ia  slightly 
increased  over  the  60Cr-40Ti  composition.  Neither  of  the  procease*  exhibit  appreci¬ 
able  substrate  hardening  after  the  2200  F  anneal. 
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As  Coated 


FIGURE  113.  CHROMIUM-TITANIUM  COATED  VANADIZED  Cb75S  ALLOY; 
Series  I  Specimens  (Sheet  1  of  2) 


80Cr-20Ti 

Magnification:  250X 


Annealed  at  2200  F  for  15  hours 


FIGURE  113.  CHROMIUM -TITANIUM  COATED  VANADIZED  Cb752  ALLOY; 
Series  l  Specimens  (Sheet  2  of  2) 
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The  apparent  substrate  embrittlement  as  indicated  by  bend  testing  may  be  due 
either  to  the  precipitation  of  zirconium  oxide  at  the  grain  boundaries  leaving  the  sub¬ 
strate  at  a  constant  hardness  value,  or  to  the  inability  of  the  thin  substrate  (0.  010  inch) 
to  absorb  the  strain  energy  released  in  fracture  of  the  very  hard  coating. 

Surface  fluorescent  analysis  is  at  best  a  semi-quantitative  analytical  techni¬ 
que  because  of  the  variable  depth  of  penetration  of  the  beam,  but  the  data  (Table  LXVI) 
clearly  show  a  marked  increase  in  chromium  content  of  the  coating  in  going  from  the 
60Cr-40Ti  to  the  80Cr-20Ti  composition.  Vanadium  and  titanium  content  do  not  appear 
to  vary  in  the  same  percentage  as  the  chromium,  indicating  that  there  is  probably  a 
notable  decrease  in  mobility  of  columbium  in  the  high-chromium  coating  as  a  conse¬ 
quence  of  the  increased  stability  of  the  CbCr2  Laves  phase. 

The  specimens  were  silicided  at  1950  F  in  a  99Si-lNaF  high-pressure  pack 

to  a  thickness  that  would  not  completely  penetrate  the  modified  zone.  (Details  of  the 

siliciding  process  will  be  provided  in  Section  5. 2. 3. )  A  cycle  of  2.  5  hours  at  1950  F 

2  2 

was  used  and  it  deposited  i0.9  mg/cm  on  the  60Cr-40Ti,  and  12.2  mg/cm  on  the 
80Cr-20Ti  modified  specimens.  A  comparison  of  the  two  coatings  as  silicided  is 
shown  in  Figure  1.14. 


V-(60Cr-40Ti)-St  Coaled  Cb752  Specimen  of  Sc. Ice  I  V-(80Cr-20Ti)-Si  Coated  Cb752  Specimen  of  Series  I 

Magnification:  250X 

FIGURE  114.  MICROSTRUCTURE  COMPARISON  OF  V-(60Cr-40Ti)-Si  AND 
V-(80Cr-40Ti)-Si  COATINGS 
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A  summary  of  the  oxidation  and  deposition  data  are  given  in  Table  LXVEL 
Although  there  was  a  12  percent  difference  in  the  amount  of  silicon  deposited  on  the 
60Cr~40Ti  and  80Cr-20Ti  alloys,  this  appeared  inadequate  to  account  for  the  outstand¬ 
ingly  superior  oxidation  performance  of  the  V-(S0Cr-20Ti)-Si  coating  at  2400  F.  At 
this  point  in  the  program,  the  60Cr-40Ti  composition  was  dropped  in  preference  to 
the  80Cr-20Ti  composition. 


TABLE  LXVE 

PRELIMINARY  SUMMARY  OF  OXIDATION  DATA  ON  THE  V-(60Cr-40Ti-Si  AND 

V-(80Cr-20Ti)-f ;  COATINGS 


Coating  Weight 


yfl> 

(mg/cm2) 

60Cr-40Ti<2) 

(mg/cm2) 

80Cr~20Ti^ 

$mg/cm2) 

&<4> 

9.1 

9.1 

11 

8 

10.9 

12.2 

_ 1 

9,  9,  31 

26,  120,  120 

1.  Series  I  vanadium 

2.  Deposited  2300  F  in  1.5  hours. 

3.  Deposited  2300  F  in  5. 0  hours. 

4.  Deposited  1950  F  in  2. 5  hours. 


High-Pressure  Pack  Deposition  of  the  80Cr-20Ti  Composition 

Series  1  and  in  vanadited  specimens  were  coated  with  80Cr-20Ti  using  the 
high-pressure  pack  technique;  whereas.  Series  II  specimens  were  ooated  using  the 
low-pressure  technique  described  in  the  next  section.  Because  of  severe  particle 
sintering  (hiring  vanadiaing  of  the  Series  I  specimens,  they  were  not  considered  of 
adequate  quality  to  be  used  for  screening  purposes,  but  were  irried  through  all  of 
the  coating  steps  to  obt  u  feeling  for  the  effect  that  the  l  »:i£;  vanadium  coating 
plus  sintering  would  have  on  the  life  of  the  coating  aft/**-  f'r-  ii  a>d  silicon  coatings . 

High-pressure  pack  techniques  using  die  retort  type  shown  in  Figure  101, 

-50  +  100  grit  80Cr-20Ti  pack  media,  a  temperature  of  2300  F  and  one  percent  NaF 

activator  were  used  in  all  deposition  cycles,  Time  was  varied  to  effect  a  minimum 

of  10  mg/cm  on  Series  III  specimen?.  Series  I  specimens  received  an  8  mg/ern 

deposit  in  five  hours  as  previously  noted.  Either  of  these  deposit*  when  combined 

with  the  vanadium  was  believed  adequate  to  retain  some  unsilicided  surface  alloy 

2 

after  the  deposition  of  12  mg/cra  of  silicon. 
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Based  on  the  preliminary  deposition  results  with  Series  I  specimens,  it  was 
2 

believed  that  10  mg/cm  of  Cr-Ti  could  easily  be  achieved  with  a  10-hour  cycle  at 
2300  F;  however,  it  was  found  necessary  to  recycle  the  specimens  in  the  pack  for  an 
additional  five  hours  to  achieve  the  deposition  weight  on  the  Series  Ilf  specimens.  The 
deposition  rate  appears  to  be  a  strong  function  of  the  amount  cl  vanadium  present. 
Destabilization  ot  the  Laves  phase  with  vanadium  is  Imperative  to  obtain  a  moderately 
rapid  deposit  rate  from  the  t>0Cr-20TJ  pack.  For  example,  30  hours  are  required  to 
deposit  11  mg/cm  of  80€r~20Ti  directly  onto  the  Cb752  alloy;  whereat,  this  same 
amount  can  be  deposited  on  a  vanadized  substrate  *n  10  to  15  hours. 

The  deposition  results  for  the  Series  I  and  III  are  given  in  Table  LX VIII,  and 
the  microstructure  and  mfcrohardness  of  the  Series  III  specimens  arc  fehown  in 
Figures  115  and  116  for  the  Cb752  and  D43  alloys,  respectively.  As  previously  noted 
in  the  preliminary  screening  studies  for  60Cr-40Ti  and  80Cr-20Ti,  the  application 
of  the  800r-20Ti  coating  has  essentially  no  effect  on  substrate  hardness,  but  bend 
ductility  is  not  retained.  The  D43  alloy  with  the  lower  zirconium  content  exhibits 
considerably  more  bend  ductility  than  the  Cb752  alloy. 


TABLE  LXVHI 

DEPOSITION  HISTORv  OF  SERIES  I  AND  HI  SPECIMENS  THROUGH  THE 

80Cr-20Ti  CYCLES i1) 


Series 

Alloy 

Cycle 

Activator 

Deposition 

(mg/cm2) 

Time 

foiin) 

Temperature 

(F) 

Pack 

Type 

I 

Cb752 

Vanadium-NaF 

9.1 

900 

2250 

HPP 

80Jr-20Ti-NaF 

8.0 

300 

2300 

HPP 

in 

Cb7?«' 

Vanadium 

7.3 

300 

2250 

HPP 

80Cr~20Ti-NaF 

First  cycle 

8.6 

600 

2300 

HPP 

Reload  cycle 

2.0 

300 

2300 

HPP 

10.6 

D43 

Vanadit;  .i-K  Fj 

5.  0 

300 

2250 

HPP 

fi0Cr-20Ti-W 

First  cycle 

C  1 
•  — 

60C 

HPP 

Second  cycle 

1.9 

300 

HPP 

. 

11.  0 

1.  Specimen  0.12  by  0.5  by  0.75  inch. 
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Magnification:  200X 


FIGURE  115* 

Cb752  ALLOY  AFTER  COATING  WITH 
VANADIUM  AND  (Cr-Ti);  Series  III 
Specimens 


KHN 

'50  Gram 

660 

SOI 

285 

203 

198 

194 

190 

192 


211 

215 

22? 

223 


52  8 

1235 

1055 


Load) 


Magnification:  200X 


FIGURE  116. 

D43  ALLOY  AFTER  COATING  WT 
VANADIUM  AND  (Cr-Ti);  Series  ' 


Specimens 


Low-Pressure  Pack  Deposition  of  80Cr-20Ti  Composition 

Loss  of  bend  ductility  in  the  Cb?52  alloy  during  application  of  the  80Cr-20Ti 
by  high-pressure  pack  techniques  was  the  primary  basis  for  experimenting  with  the 
low-pressure  technique  for  deposition  of  this  surface  modifier.  The  low-pressure 
technique,  which  used  Cb752  retorts  and  the  sealing  techniques  described  for  low- 
pressure  deposition  cf  vanadium  (Fig.  Ill) ,  essentially  eliminates  gaseous  environ¬ 
mental  contamination,  but  not  transfer  from  the  pack  media. 

The  pack  materials  used  were  80Cr-20Ti  (-50  +  100  mesh)  and  one  percent 
NaF  as  the  activator.  Deposition  conditions  were  the  same  as  in  the  first  cycle  high- 
pressure  pack,  i.e. ,  2300  F  for  10  hours. 

Table  LXDC  shows  the  deposition  results  on  D43  and  Cb752  alloys,  and  the 
effect  of  a  2200  F,  16-hour  vacuum  diffusion  cycle.  Figure  117  shows  the  specimens 
both  before  and  after  annealing. 

Under  a  comparable  temperature -time  cycle  condition,  the  low-pressure  pack 

technique  deposits  a  more  uniform  coating  with  a  greater  weight  of  the  80Cr-20Ti 

modifier  than  the  high-pressure  pack  technique.  For  example,  on  vanadized  Cb752 

o 

alloy,  a  10-hour  cycle  at  2300  F  in  the  low-pressure  pack  deposited  12. 8  mg/cm 

o 

compared  to  only  8. 6  mg/cm  in  the  high-pressure  pack  technique.  Deposition  on  the 
B43  was  slightly  more  rapid  than  on  the  Cb752  alloy. 

The  V-(Cr-Ti)  coated  specimens  were  vacuum  annealed  at  2200  F  for  16  hours 
to  increase  the  chromium  and  titanium  in  the  Cb-V  modified  zone.  This  annealing  cycle 
had  the  unfortunate  effect  of  vaporizing  4  mg/ cm  of  the  coating  (Table  LXIX).  This 
loss  is  probably  all  chromium  due  to  the  relatively  high  vapor  pressure  of  this  element 
as  compared  to  columbium,  vanadium  and  titanium.  The  surface  X-ray  emission  data 
(Table  LXV)  do  not  necessarily  support  this  selective  loss  of  chromium. 

The  microstructure  and  microhardness  of  the  coatings  (Fig.  118  and  119)  are 
similar  to  the  Series  I  and  m  Cr-Ti  modified  alloys.  Although  a  clearly  defined  two- 
phase  structure  is  not  apparent  in  the  photomicrographs,  visual  examination  supports 
a  definite  two-phase  coating.  The  inner  layer  is  probably  the  solid-solution  region  in 
the  Cb-V-Cr-Ti  region:  whereas,  the  outer  high-chromi'im  layer  is  probably  Laves 
phase  (Cb-Ti)  (V-Cr)2.  The  high  hardness  of  outer  surface  is  indicative  of  compound 
formation. 
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A*-Co*ted  Cb75S  Mloy 
Mugnlfloatloa:  ISQX 


FIGURE  117.  VANADIZED  SPECIMENS  COATED  WITH  80Cr-20Ti  USING 
LOW-PRESSURE  TECHNIQUES;  Series  Q  (Sheet  1  of  2) 
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Cb752 

Annaaled  in  vacuum  for  16  hours  at  2200  F 
Magnification:  2S0X 


FIGURE  117.  VANADIZED  SPECIMENS  COATED  WITH  80Cr-20Ti  USING 
LOW-PRESSURE  TECHNIQUES;  Series  II  (Sheet  2  of  2) 
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FIGURE  118. 

V-(Gr-T.i)-Si  COATED  Cb752  SPECIMEN 
Series  II 


4 
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TABLE  LXIX 


DEPOSITION  AND  CHEMICAL  ANALYSES  FOR  THE  LOW-PRESSURE  PACK 
DEPOSITION  ON  SERIES  II  VANADIZED  SPECIMENS 


Sc rtt*  Alloy  Activator  |  (mf/cm*)  (min)  (FI 


Cb7D2  Vanadium 


ToUU 

DiHuiioa 

tnne.xi 


NaF 

Olffualon 

Vanadium 


Diffualon 

annealed 


Wffuaion 

annealed 


Tampa  ratura 

(F) 

Pack 

Type 

2X50 

HPP*l> 

2250 

HPP 

2260 

HPP 

2500 

Vacuum 

2300 

LPP*** 

2200 

Vacuum 

2250 

HPP 

2250 

HPP 

2250 

HPP 

2500 

Vacuum 

2300 

LPP 

2*00 

Vacuum 

X-ray  OoubUuj  Rate  («pa) 


Cr  11 


m  ut 


217  85 


128  101 


1 .  HPP  -  Htgh-prvaaurv  pack. 

2.  LPP  -  Low  preaaur*  pack  proceaa 


Specimens  coated  with  the  low-pressure  pack  technique  showed  only  modest 
improvement  ii.  bend  ductility.  The  Cb75?  specimens  all  fractured  in  bending 
90  degrees;  whereas,  the  D43  alloy  did  not  fracture. 

5.2.3  Deposition  of  Silicon 

Specimens  Irom  Series  I,  H,  and  in  were  silicided  using  a  cycle  of  1950  F 
for  2.5  hours.  The  retorts  used  were  of  two  types  -  one  was  Inconel  with  a  graphite 
liner  similar  to  Figure  90  and  the  other  wss  Inconel  with  ihe  refractory  metal  titanium 
gettered  inner  line*'  similar  to  Figure  101.  Pack  media  was  -200  mesh  silicon  with 
one  percent  NaF. 


TABLE  LXX 


DEPOSITION  WEIGHT  GAINS  AND  OXIDATION  PERFORMANCE 


OF  THE  PRELIMINARY  V-(Cr-Ti)-Si  COATED  SPECIMENS  (II 


Deposition  Weight  Gains 

Hours  to  Failure 
of  Specimen 

■ 

Pack 

Pack 

Pack 

Series 

Alloy 

D 

Type 

CrTi 

Type 

Si 

Type 

1600  F 

2400  F 

I 

Cb752 

9.1 

HPP 

11.0 

60Cr-40Ti 

HPP 

10.9 

HPP 

9 

9 

31 

I 

Cb752 

9.1 

HPP 

8.0 

80Cr-20Ti 

HPP 

12.2 

HPP 

>200 

>200 

>200 

26 

138 

145 

n 

Cb752 

■ 

HPP 

9{net) 

80Cr-20Ti 

LPP 

12.6 

HPP 

114 

136 

170 

n 

Cb752 

7.4 

HPP 

9 

80Cr-20Ti 

LPP 

14.2 

HPP 

1 

59 

78 

78 

80 

86 

86 

86 

93 

96 

n 

D43 

6.7 

HPP 

10 

80Cr-20Ti 

LPP 

12.9 

HPP 

24 

78 

88 

in 

Cb752 

7.3 

HPP 

10.6 

80Cr-20Ti 

HPP 

11.2 

HPP 

* 

108 

137 

113 

161 

175 

240 

IG 

D43 

5.0 

HPP 

11.0 

80Cr-20Ti 

HPP 

9.9 

HPP 

>288 

>288 

>288 

58 

64 

64 

77 

83 

98 

Cbl32M 

4.8 

LPP 

11.0 

LPP 

12.6 

HPP 

>240 

>240 

>240 

>240 

61 

102 

112 

116 

143 

1.  0.012  by  0,5  by  0. 7 5 -Inch  specimen 


Hie  summary  of  the  V(Cr-Ti),  and  silicon  deposits  on  Series  I,  n,  and  in 

specimens  are  shown  in  Table  LiOC.  The  silicon  deposits  ranged  between  10  and  14 
2 

mg/cm  ,  and  exhibited  excellent  appearance  on  die  edges  and  die  flat  areas. 

Microstructures  of  the  V-(Cr-Ti)-8i  Series  H  arid  m  coatings  on  Cb752  and 
D43  alleys  are  shown  in  Figures  118  through  121.  One  difference  that  la  particularly 
noticeable  between  the  Cb752  and  D43  coated  alloys  is  a  second  phase  in  th*j  outer 
Cr-Ti  rich  zone  on  dm  IMS  alloy  (Fig.  122),  This  isone  is  of  extreme  hardness  and 
may  be  titanium  carbide  which  could  form  as  a  result  of  the  migration  of  carbon  from 
the  substrate. 

5.2.4  Oxidation  Testing  of  the  V-(Cr-Ti)-3i  Coated  Alloys  -  Hiase  I  Screening  Tests 

Oxidation  tests  were  performed  at  1600  and  2400  F  (16  hours  and  1-hour 
cycles,  respectively)  on  the  Series  1,  n,  and  m  specimens.  Series  I  specimens  were 
supported  on  high -purity  alumina  boats,  but  after  a  number  of  contact  failures  at  2400  F 
Dyua  Quartz  (a  high -purity  silica  fiber  matte  by  Johns  Manville)  was  used.  Contact 
failures  were  c  umplateiy  eliminat'  d  with  this  support  media. 

Oxidation  data  is  presented  in  Table  LXX  as  ts  the  average  deposition  of 
vanadium,  Cr-Ti,  and  silicon  on  the  specimens.  There  is  a  marked  difference  between 
the  periormrnce  of  the  V-(60Cr-40Ti)-Si  and  V~(80Cr-207i)-Si  coatings. 

Differences  between  Series  H  and  III  specimens  with  the  80Cr-22Ti  coating 
applied  by  low -or  high-pressure  pack  techniques  are  less  marked .  In  both  series  the 
protection  J.  vded  t  ie  Cb752  alloy  is  superior  to  that  afforded  the  D43  alloy.  This 
difference  is  pa^icularly  noticeable  in  the  Series  III  coating  where  the  first  failure  at 
2400  F  occurred  in  108  hours  on  the  Cb752  and  in  58  hours  on  the  D43  alloy.  The  max¬ 
imum  lives  of  Series  H  and  HI  coatings  on  these  alloys  displayed  similar  differences, 
i.  e. ,  240  hours  against  98  hours,  respectively.  This  difference  in  performance 
between  the  two  alloys  may  be  the  result  of  the  extremely  hard  phase  within  the  coating 
on  the  D43  alloy  (Fig.  123)  which  could  possibly  initiate  shear  failure  within  the  coating. 

A  Weibull  cumulative  failure  plot  of  the  Series  II,  Cb752  specimens  oxidized 
at  2400  F  shows  a  narrow  failure  distribution  and  a  rather  steep  slope.  The  data  in¬ 
dicate  that  cnly  0.5  percent  of  the  coated  specimens  3hculd  fail  ;a  60  hours. 
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Unidentified  Phase  in 
SUIcide  on  D43  Alloy 

MagnlflofWon:  1000X 


FIGURE  122, 

UNIDENTIFIED  PHASE  IN  V-<Cr-Ti)-Si 
COATED  IMS  ALLOY 

A  typical  weight,  change  versus  time  for  the  V-(80Cr-20Ti)-Si  coating  at 
2400  F  is  shown  in  Figure  124.  The  shape  ia  nonparaboiic.  There  is  an  initial  weight 
gain  followed  by  a  continual  weight  loss.  This  change  of  Ota  oxidation  curve  ia  prob¬ 
ably  due  to  the  buildup  of  a  critical  thickness  of  Si02  and  other  nonvolatile  axideri. 
Vaporization  of  chromium  oxides  and  other  volatile  oxides  are  responsible  for  Hie 
weight  losses. 

The  microstructure  of  Hie  coating  and  surface  finish  after  extended  240b  F 
thermal  cycling  is  shown  in  Figure  125  and  126.  The  coating  exhibits  the.  extensive 
craze  cracking  characteristic  of  coatings  having  a  coefficient  of  thermal  expansion 
considerably  higher  than  the  substrate.  These  craze  cracks,  however,  do  not  appear 
to  be  the  prime  contributors  to  coating  failure,  but  since  edge  failures  predominate, 
the  differential  expansion  between  coating  and  substrate  is  undoubtedly  a  major  factor 
in  determining  the  life  of  the  costing. 

The  coating  does  not  appear  to  have  a  low -temperature  problem.  In  1600  F 
testing  no  specimens  failed  within  the  288 -hour  test  J  mb  it  r,b752,  D43,  or  Cbl32M 
alloys. 

The  performance  of  the  Series  III  V-(Cr-Ti)-Si  coated  D43  alloy  was  somewhat 
inferior  to  that  of  fne  identically  processed  Cb752  allm. .  To  determine  if  the  obacrvwd 
difference  In  oxidation  resistance  could  be  attributed  to  differences  in  coating  compo¬ 
sition  and/or  element  distribution,  electron  microprobe  a..*  lyses  were  performed  on 
the  coated  alloys  after  each  cycle  in  the  coalite*  process. 
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CUMULATIVE  FAILURES  (percent) 


FIGURE  UX  WtDBULL  CUMULATIVE  FAILURE  PLOT  OF  V^Cr-TI)-Si 

COATED  CblSi  SPECIMENS  .AFTER  OXIDATION  TESTING  AT 
*400  F;  Serte*  U  One- Hour  Cycle* 
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FIGURE  124.  WEIGHT  CHANGE  VERSUS  TIME  FOR  V-(Cr-Ti)-Si  COATING 
ON  Cb752  ALLOY  AT  2400  F  IN  AIR 

The  analyses  were  performed  an  a  Noreleo- Phillips  electron  microprobe 
analyzer,  Model  AMR/3.  The  instrument  is  capable  of  continuous  scanning  and  two 
elements  can  be  simultaneously  analyzed  over  a  given  traverse  length. 

The  coated  specimens,  together  with  appropriate  element  standards,  were 
mounted  in  red  bakelite  and  polished  in  a  conventional  manner.  The  specimens  were 
grouped  in  three  mounts: 

Mount  1  -  Vanadized  Cb752,  vanadized  D43,  and  a  90.8  wt%  vanadium 
standard.  The  unaffected  Cb752  and  D43  substrates  served 
as  columbium  standards. 

Mount  2  -  (Cr-Ti)-V  coated  Cb752.  (Cr-Tl)-  V  coated  IH3,  and 

6f>Cb-7. 12V-1:?.  4T1-14.  5Cr  alloy  as  a  standard  for  columbium. 
vanadium,  titanium,  and  chromium.  This  alloy  was  desig¬ 
nated  CJ5  in  the  sublayer  property  study  (Table  VII). 

Mount  3  -  Si-(Cr-Ti)-V  coated  Cb752,  Si-(Cr~Ti)-V  coated  D43  and 

24Cb-6.4V-3.8Ti-21.3Cr--44.4Si  alloy  as  a  standard  for  col¬ 
umbium.  vanadium,  titanium,  chromium,  and  silicon.  This 
alloy  was  designated  No.  24  in  the  basic  stlicide  studies 
(Table  XXXVI). 
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The  use  of  alloy  standards  which  approximated  the  actual  coating  composition  permitted 
analyses  and  reduction  of  the  recorded  intensity  data  without  the  a?e  of  correction 
factors. 

Figures  127  and  'iz?  indicate,  respectively,  the  distribution  of  vanadium  and 
columbium  in  the  Cb752  and  D43  alloys  after  the  initial  vanadizing  cycle.  Vanadium 
has  diffused  slightly  further  into  the  Cb752  allc  and  the  vanadium  concentration  at 
the  outer  edge  of  the  coating  is  53  wt  %  in  the  Ch752  alloy  and  73  wt  %  in  the  D43  alloy. 

The  distributions  of  chromium,  titanium,  vanadium,  and  columbium  in  the 
Cb752  ai.d  D43  alloys  after  the  chrome -titanium  coating  cycle  are  shown  in  Figures 
129  and  130.  Here  again,  the  coating  elements  have  diftused  further  into  the  Cb752 
substrate  than  into  the  D43  substrate.  A  major  difference  between  the  coated  alloys 
involves  the  distribution  of  chromium  and  titanium  near  the  outer  coating  edge.  The 
Cb752  alloy  is  characterized  by  d  high -chromium  content  (49  wt  %)  and  medium  ti¬ 
tanium  content  (28  vt  %)  whereas  the  opposite  is  evident  on  the  D43  alloy  (26  wt  % 

Cr-55  wt  %  Ti). 

Figures  131  and  132  indicate,  respectively,  the  distribution  of  silicon,  chrom¬ 
ium,  titanium,  vanadium,  and  columbium  in  the  Cb752  and  D43  alloys  after  the  sili- 
ciding  cycle.  The  resultant  overall  diffusion  zone  is  slightly  thicker  in  the  Cb752  alloy, 
and  the  major  difference  between  the  two  coated  alloys  appears  to  be  the  titanium  dis¬ 
tribution.  In  the  Cb752  alloy,  the  highest  titanium  concentration  coincides  with  maxima 
exhibited  for  chromium  and  vandium,  and  is  related  microstructurally  to  the  light 
pbaae  evident  in  the  silicide  coating  -  Cb752  substrate  interface  region.  In  contrast, 
the  titanium  maximum  in  the  coated  D4?  alloy  does  not  coincide  with  the  chromium  and 
vanadium  maxima,  but  occurs  within  the  silicide  coating  where  a  darker  phase  is 
evident.  This  darker  phase  which  exists  from  approximately  midway  in  the  silicide 
coating  to  the  outer  edge  of  the  silicide  coating  on  the  D43  alioy  d'-cn  not  appear  in  the 
coated  Cb752  alloy  in  the  etch  ad  or  unetched  conditions. 

In  summary,  the  mlcroprobe  analyses  indicate  that  the  observed  difference  in 
oxidation  resistance  between  V-(Cr-Ti)-Si  coated  Cb752  and  D43  alloys  may  be  due  to 
the  presence  of  a  titanium -rich  second  phase  in  the  outer  half  of  the  silicide  coating  on 
the  D43  alloy.  Since  the  presence  of  titanium  is  high,  a  buildup  of  titanium  oxide  in 
the  protective  silicate  layer  at  the  air-coating  interface  would  be  a  logical  explanation 
for  the  poorer  oxtdatioo  resistance  of  tbv  coated  D43  alloy. 
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Magnification:  10C0X 


0  20 


FIGURE  127.  ELECTRON  MICROPROBE  ANALYSIS  OF  VANADIUM  AND 
COLUMBIUM  IN  VANADIZED  Cb752  ALLOY 
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FIGURE  129.  ELECTRON  MICROPROBE  ANALYSIS  OF  CHROMIUM, 
VANADIUM,  AND  COLUMBIAN  IN  (Cr-Ti)-V  COATED 
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5.2.5  Additional  Silicide  Coating  System * 


Thrse  other  coating  syrtems  were  studied  and  compared  with  the  V-(Cr-Ti)-8l 
coating  for  ease  of  deposition  and  oxidation  life  with  similar  silicon  deposition  weights. 
The  systems  were  (Cr-Ti)-Si,  (C~-Tii-V-a,  and  V-Si.  The  (Cr-Ti)  layer  was  de¬ 
posited  from  an  80Cr-20Ti  pack. 

(Cr-Ti)-Sl  Coating  System 

Approximately  10.3  mg/cm  of  (80Cr-20Ti)  were  deposited  with  much  diffi¬ 
culty  on  10  Cb752  coupons.  Six  5-hour  cycles  at  2300  F,  u  .ig  a  1. 0  percent  NaF 

activated  pack  Mid  -50  +  100  mesh  60Cr-20Ti  pack  media,  ^  required  to  effect 

2 

the  deposition.  Over  the  (Cr-Ti),  11.0  to  11.8  mg/cm  of  )iiicc’n  were  deposited 
from  a  -200  mesh  pack.  The  microstructure  of  this  coating  is  shown  in  Figure  133. 
Unusually  wide  craze  cracking  can  he  seen.  Edge  cracking  of  the  specimens  could 
be  seen  with  fee  unaided  eye.  Nearly  every  specimen  of  this  system  ailed  at  an  edge 
during  oxidation. 

Both  of  the  (Cr-Ti) -Si  coated  specimens  tested  at  1600  F  failed  betweea  192 
and  216  hoars.  Of  the  five  cycled  at  2400  F,  there  were  failures  at  45,  62,  64,  72, 
and  76  hours. 

The  oxidation  test  results  for  all  three  coating  systems  are  shown  in  Table 

LXXL. 

(Cr-Ti)-V-Si  Coating  System 

2  2 

Again  with  tedious  recycling,  7.4  mg/cm  of  80Cr-20Ti  and  10.3  mg/cm  of 

vanadium  were  deposited  on  Cb752  substrates.  The  specimens  were  then  coated  with 
2 

12.8  mg/cm  of  silicon  and  oxidation  tested .  All  four  coupons  at  2400  F  failed  vuthin 
nine  hours.  Localized  melting  seemed  to  be  the  cause  fo’*  failure.  It  was  even  noticed 
on  the  specimens  tested  at  1600  F;  these,  however,  ran  more  than  200  hours. 

V-Si  Coating  System 

2 

An  average  deposit  of  12.6  mg/cm*"  of  vanadium  was  applied  to  several  Ct>752 
specimens  by  two  S-hour  cycles  st  2390  F.  Subsequently.  12.  9  'g/era"  of  silicon, 
from  a  -200  mesh  pack,  were,  deposited  ou  s^ven  of  the  vanadlted  0752  specimen*. 

The  resultant  coating  micros! na  ture  is  shown  ta  Figure  134. 

The  sillcided  s^.imens  were  oxidized  st  16C0  F  and  2400  F.  The  two  coupons 
tested  at  1600  F  failed  between  24  and  48  hour*,  failure  occurring  at  the  specimen 
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MagniflcrUoa:  2503 


FIGURE  133. 

Cb752  ALLOY  COATED  WITH  80Cr-20Ti 
AND  SILICON 


Magnification:  2C0X 
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VANADIZED  AND  SILICIDED 
Cb752  ALLOY 
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Magnification:  200X 


FIGURE  135. 

VANADIZED  AND  SILICONIZED  Cb752 
ALLOY;  Oxidation  Tested  131  Hours  at 
2400  F 


edges.  At  2400  F,  one  failure  occurred  at  74  hours  while  the  remaining  two  specimens 
failed  at  131  hours.  One  of  the  131-hour  failures  was  sectioned  anti  the  microstruc¬ 
ture  is  shown  in  Figure  135. 

The  ..  eight  change  versus  time  curve  for  the  V-Si  coating  system  at  2400  F 
is  shown  in  Figure  136.  The  '  dde  growth  is  essentially  parabolic,  exhibiting  none  of 
the  gain -loss  curve  characteristics  of  the  V-(Cr-Ti)~Si  system,  which  is  also  shown 
in  Figure  IS  6. 


TABLE  LXXI 


DEPOSITION  RESULTS  AND  OXIDATION  PERFORMANCE 
OF  ADDITIONAL  SILICIDE  COATING  SYSTEMS 


System 

Deposition  Results 
(mg/cin2) 

Oxidation  Performance 
(hr)  Each  Specimen 

1600  F 

2400  F 

l80Cr-2071)-S< 

Cr-Ti 

Silicon 

10.3 

11.5 

<218,  <216 

45,  62,  64,  72,  76 

(80Cr-20Ti}~V~Si 

Cr-Ti 

Vanadium 

Silicon 

7.4 

10.2 

>200,  >200,  >200 

Ail  three  failed  in 
<9 

V-Si 

Vanadium 

Silicon 

12.0 

12.8 

<48,  <48 

74,  131,  131 
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FIGURE  136.  WEIGHT  CHANGE  VERSUS  TIME  FOR  V-(Cr-Ti)-Si  AND  V-Si 
COATINGS  ON  Cb752  ALLOY  AT  2400  F  IN  AIR 

5.2.6  Di  ocuacion  of  the  Coating  Systems 

The  V-(Cr-Ti)-Si  coating  has  considerable  potential,  but  exhibits  several  de¬ 
ficiencies  which  are  characteristic  of  pack-deposited  coatings .  Severe  vanadium 
sintering  is  definitely  the  most  critical  problem.  This  p  obiern  was  somewhat  allevi¬ 
ated  by  replacing  NaF  with  KgVF*.,  but  vanadium  sinter  sites  continue  to  initiate 
oxidation  failures  in  a  large  number  of  instances. 

The  V-(Cr~Ti)-Si  coating  did  not  protect  the  D43  alloy  as  well  as  the  Cb752 
alloy,  but  this  is  believed  to  be  a  minor  problem  capable  oi  improvement  by  optimi¬ 
zation  of  the  vanadium,  chromc-titeni-m,  and  silicon  weight  ratios.  In  all  instances, 
the  D43  specimen  had  a  lighter  vanadium  coating  than  the  Cb752  specimens. 

Embrittlement  of  the  Cb752  alloy  by  the  V-{Cr-Ti)-Si  process  has  continually 
been  a  problem.  However,  loss  of  ductility  in  that  alloy  has  not  been  accompanied  by 
a  noticeable  increase  in  the  Knopp  hardness  of  the  substrate.  Embrittlement,  there¬ 
fore,  is  probably  occurring  only  in  the  grain  boundaries .  Because  this  embrittlement 


2S3 


indicates  a  marginal  oxygen  transfer  during  the  coating  operation,  it  is  felt  that  the 
problem  could  be  eliminated  by  the  selection  of  higher  quality  pack  materials,  par¬ 
ticularly  chromium. 

The  (Cr-Ti)-Si,  (Cr-Ti)-V-Si,  and  V-Si  coating  systems  did  not  perform  as 
well  in  oxidation  at  1600  F  and  2400  F  as  the  V-(Cr-Ti)-Si  coating  and  were  not 
carried  into  Phase  II  and  III. 

The  prime  coating  selected  for  application  to  the  Phase  II  and  HI  specimens 
was  V-(80Cr-20Ti)~Si,  because  of  its  satisfactory  performance  in  Phase  I  cyclic 
testing  at  1800  and  2400  F.  The  deposition  goals  set  for  each  of  the  lasers  were: 

2 

Vanadium  7  to  9  mg/ cm 

80Cr-20Ti  10  to  14  mg/cm^ 

Silicon  11  to  14  mg/cm^ 

By  establishing  equivalent  deposition  goals  for  each  of  the  alloys  to  be  in¬ 
cluded  in  Phases  n  (Cb752,  D43)  and  Phase  III  (Cb752,  D43,  and  CbI32M)  it  was  an¬ 
ticipated  that  the  difference  in  performance  observed  between  the  Cb752  and  D43  alloys 
in  Phase  1  testing  could  be  avoided.  Solving  the  bend  ’  ictility  problem  with  the 
V-(Cr-Ti)-Si  coated  Cb7.j2  alloy  was  not  considered  imperative  in  this  program. 
Solution  of  the  problem  represents  a  process  optimisation  step  which  can  be  readily 
accomplished  in  the  future  by  using  chromium  and  titanium  starting  material  of 
higher  purity,  or  by  developing  a  chromium -titanium  alloy  additive  that  will  minimize 
oxygen  transport.  Prealloying  the  chromium  and  titanium  (current  packs  U3e  a  50-50 
mixture  of  hydrogen  reduced  electrolytic  chromium  and  60  Cr-40Ti  arc-melted  alloy) 
may  be  all  that  is  necessary.  Additions  of  one  of  the  rare  earth  elements,  or  yttrium 
in  small  quantities,  to  the  alloy  should  also  control  oxygen  transport  (Appendix) . 

Application  techniques  for  the  deposition  of  the  V-(80Cr-20Ti)-Si  coating 
were  not  considered  critical.  Both  the  low-and  high-pressure  packs  used  in  application 
of  vanadium  and  80Cr-20Ti  produced  essentially  comparable  protection  at  the  same 
deposition  weight  when  silicided.  Interdiffusion  of  the  vanadium  deposit  and  Cr-Ti 
deposit  after  deposition  was  not  considered  essential  based  on  oxidation  data  for  the 
Series  I,  EE,  and  IH  specimens. 


5.3  APPLICATION  OF  THE  V-(Cr-Ti)-Si  COATING  TO  PHASE  II 
AND  IE  SPECIMENS 

Tlie  final  activity  in  Phase  I  was  the  coating  of  the  specimens  required  for 
evaluation  in  Phase  II  and  in  with  the  V-(Cr-Ti)~Si.  A  limited  number  of  erosion 
bars  were  coated  with  the  (95Mo-5Ti)-Si  glass-impregnated  coating,  but  no  deviation 
from  the  procedure  described  in  Paragraph  3,1.4  was  used .  The  data  on  the  latter 
coating  are  not.  therefore,  included  in  this  section. 

5.3.1  Substrate  Alloys 

Three  substrate  alloys  were  included  in  the  program  -  D43,  Cb752,  and 
Cbl32M.  The  D43  alloy  was  used  in  two  conditions,  i.e. ,  0,012-inch  and  0.030-inch 
sheet  in  the  duplex  beat  treat  condition  (solution  at  2900  to  3000  F  followed  by  25 
percent  cold  reduction  and  aging  at  2650  F)  and  0. 5-inch  bar  in  recrystallized  con¬ 
dition.  The  Cb752  alloy  (0.012-inch  and  0.030-inch)  was  also  used  in  the  duplex  heat 
treated  condition  (solution  at  2800  F  followed  by  40  percent  cold  reduction  and  aging 
at  2450  F).  The  Cbl32M  (0.5-inch  bar  only)  was  used  in  the  as-extruded  condition. 
Chemical  analyses  of  all  of  the  alloys  are  shown  in  Table  LXXII. 


TABLE  LXXH 

COMPOSITIONS  PHASE  H  AND  m  ALLOYS 


|  Alloy  and  Heat  Number 

Thickness 

On) 

ELEMEN1 

P  (wt  % 

) 

W 

Zr 

O 

K 

N 

C 

D43 

387-23 

0.  030 

9.4 

1.0 

136 

3 

40 

1070 

D43 

387-32 

0.030 

10.2 

0.96 

188 

2 

34 

1020 

D43 

43-488 

0.  030 

9.8 

1.0 

366 

1 

38 

994 

D43 

389-22 

0.  013 

9.9 

0.89 

293 

12 

50 

1025 

D43 

43-372 

0. 50  dia 

10,0 

1.1 

50 

2 

30 

828 

D43 

43-409 

0. 50  dia 

11.0 

0.97 

116 

8 

31 

863 

D43 

43-423 

0. 50  dia 

9.6 

0.91 

56 

9 

33 

945 

Cb752 

UMC-1 

0, 030 

9.97 

2.5 

52 

6 

42 

10 

Cb7S2 

52  342 

0.  013 

10.0 

2.5 

65 

78 

60 

Cbl32M 

(Nominal) 

0.  50  dia 

13.5 

0.75 

400 

20 

100 

800  to  1200 

to 

to 

max 

max 

max 

Tal8  *o  2C 

16. u 
_ 

1.25 

Mo4.5  to  5.5 
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I 


Jr 

4 


Prior  to  coating  the  Phase  II  and  m  specimens,  close  examination  of  the  D43 
alloy  revealed  numerous  localized  surface  defects  of  the  type  shown  in  Figure  137. 

Due  to  the  late  discovery  of  the  defect,  replacement  material  could  not  be  obtained. 

The  specimens  were,  therefore,  made  from  the  material;  however,  by  careful  and 
selective  shearing  the  surface  defects  were  at  a  minimum  in  the  coated  specimens. 

5.3.2  The  Application  of  Coating 

Initially,  Phase  II  and  III  specimens  were  vanadium  and  chrome -titanium 
coated  in  low-pressure  Cb-lZr  retorts  (Fig.  138  through  140). 

The  retorts  used  were  fabricated  from  0.050-inch  thick  Cb-lZr  sheet  stock. 

To  coat  the  many  sizes  and  shapes  of  the  program  test  specimens,  two  retort  sizes 
were  used.  The  inside  dimensions  were  4-inches  wide  by  8-inches  long  by  3-inches 
high,  and  3 -inches  wide  by  12 -inches  long  by  3 -inches  high.  The  retorts  were  fabri¬ 
cated  by  shearing  the  sheet  stock  to  the  appropriate  size,  bending  to  give  the  correct 
inside  dimensions,  and  then  TIG  welding  the  seams  in  a  high-purity  argon  (dry  box) 
weld  chamber.  Initially,  a  0. 5-inch  diameter  by  3. 0-inch  long  columbium  tube  was 
welded  into  each  retort  to  provide  a  means  of  evacuating  the  retort  after  loading  with 
specimens  and  pack  material  and  welding  on  the  lid.  However,  this  method  of  sealing 

proved  to  be  unreliable  and  the  tube  was  eliminated  in  favor  of  an  overnight  pump- 
-4 

down  to  10  Torr  in  an  EB  welding  chamber  followed  by  sealing  (beam  welding)  a 
small  hole  drilled  in  the  retort  lid. 

Vanadizing 

Undoubtedly,  the  low-pressure  vanadium  pack  was  the  cleanest  system  in¬ 
vestigated  for  the  deposition  of  the  metal,  but  problems  of  dendritic  deposition  shown 
in  Figure  141  and  poor  oxidation  performance  of  V-(Cr-Ti)-Si  coated  specimens  pro¬ 
cessed  in  low-pressure  vanadium  packs  forced  a  return  to  high-pressure  pact'!. 

High-pressure  retorts  were  used  to  vanadize  the  Phase  II  and  HI  specimens 
(Fig,  142).  A  pack  containing  (-80+20)  mesh  vanadium  powder  and  1  wt  %  K^VF^  acti¬ 
vator  was  used.  The  activator  was  segregated  to  prevent  it  from  touching  the  specimens 
before  complete  reduction  had  occurred.  A  total  of  two  8-hour  cycles  at  2250  F  were 
used  to  deposit  the  vanadium  since  a  single  16-hour  run  produced  severe  sintering  of 
vanadium  particles  onto  the  specimens. 
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READY  FOR  VACUUM 


FIGURE  140.  EVACUATED  AND  SEALED  RE  TOR' 
FURNACE 


Dendritic  vanadium  ik-poeit  on  D43 
from  larjw  low  precaur®  pack 


Magni/icedoa:  2fox 


FIGURE  141. 

DENDRITIC  VANADIUM  DEPOSIT  ON 
D43  ALLOY  FROM  uARGE  LOW- 
PRESSURE  PACK 


TiTANIUM 

BfONGE 


FIGURE  142,  HIGH-PRESSURE  ARGON  RETORTS  FOR  COATING  PHASE  H 
AND  m  SPECIMENS 

Chrome -Titanium 

The  retorts  used  to  deposit  chrome-titanium  onto  Phase  II  and  HI  specimens 
were  similar  to  the  low-pressure  retorts  described  under  van&dizing  Some  early 
difficulty  occurred  with  the  large  low-pressure  chrome-titanium  packs.  An unforseen 
high-temperature  reaction  occurred  between  the  pack  medium  and  activator,  causing 
an  unexpectedly  high  retort  pressure.  The  latter  bulged  the  walls  of  the  rather  weak 
Cb-lZr  retorts  and  allowed  the  pack  medium  to  shift  during  the  run.  This  resulted  in 
spotty  deposits  eta  the  specimens.  To  remedy  the  problem ,  liners  were  constructed 
for  the  retorts  to  eliminate  the  pressure  effects  and  the  pack  media  was  tamped  around 
the  specimens.  The  difficulty  was  totally  aiimiaated.  Because  of  the  large  packs  used , 
the  cycle  time  was  extended  three  to  five  hours  to  allow  ter  heatup.  A  coating  of  ap- 
pKBrtwteiy  aw  generally  deposited  In  one  If-  to  IS-hour  009  T  cycle. 

Although  activator  pdscentraticn  did  not  apperr  to  affect  the  deposition  rats,  0. 1  wt  %  NtF 
was  added  to  the  pack  before  each  use  to  exclude  any  unexpected  drop  In  the  deposition 
rate. 
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Silicon 


Pack*  of  (-200}  me  ah  silicon  powder  were  used  throughout  the  aiiiciding  of 
the  Phase  Q  and  HI  speciments.  Retorts  used  were  similar  io  the  aors  shown  in 
Figure  101.  An  early  practice  was  to  add  1  wt  %  .NaF  activator  to  the  silicon  packs 
before  each  use.  This  practice  was  discontinued  after  several  groups  of  specimen# 
showed  severe  edge  cracking  after  eilickiing.  The  final  procedure  adopted  added 
only  1  wt  %  NaF  initially  and  relied  upon  the  residual  to  maintain  pack  activity  ir-  the 
subsequent  runs.  A  cycle  time  and  temperature  of  three  hours  at  1850  F  was  used 
consistently  for  all  specimens.  The  depesvt  weight  obtained  during  the  cycle  depended 
largely  on  the  deposit  weight  of  ehroms  -titanium .  Table  UKXD3  lists  the  average 
deposition  weight  gains  for  the  various  types  of  Phase  13  and  HI  specimens.  A  nmnt  r 
of  the  specimens  have  an  unusually  heavy  deposit  of  chrome  -titanium .  These  •  Si¬ 
mons  were  recycled  to  remedy  a  spotty  initial  deposit. 

A  description  of  the  performance  of  these  coated  specimens  is  contained  in 
Parts  II  and  HI  of  this  report. 


TABLE  LXXOI 


DEPOSITION  WEIGHT  GAINS  FOR  V-(Cr-Ti)-Si  COATED 


PHASE  n  AND  m  SPECIMJ 

ENS 

Specimen  Type 

Number 

Avera 

ge  Deposit  Weight 

(in.) 

Alloy 

Coated 

V 

Cr-Ti 

SI  ,r. 

0.5  by  0.75  by  0.012 

Cb752 

80 

8.0 

18.5 

19.0 

Oxidation  tabs 

D43 

80 

9.0 

13.0 

12..0 

j  0.75  by  1.0  by  0.030 

Cb752 

40 

7.5 

18.0 

18.0 

Oxidation  tabs 

D43 

40 

9.0 

13.5  - 

12.0 

2.0  by  2.0  by  0.012 

Cb752 

2 

C.5 

_11.0 

It.  5 

Torch  test 

D43 

2 

7.0 

ii.a 

7.5 

3.0  ay  3.0  by  0.030 

Cb752 

9 

6.5 

16.5 

18.0 

Thermal  fatigue 

IMS 

9 

9.5 

12.5 

10. 0 

0.75  by  5.0  by  0.012 

Cb752 

27 

7.0 

15.5 

15.5 

Fatigue 

D43 

27 

7.0 

11.5 

10.0 

0.75  by  5.0  bv  0,030 

Cb752 

27 

15.0 

15.5 

Fatigue 

D43 

27 

12.0 

10.0 

12.5 

0.75  by  7.0  by  0.012 

Cb752 

* 

7.0 

15.5 

16.5 

Tensile 

D43 

6 

7.0 

10.0 

11.0 

0.7b  fcy  9.0  by  0.012 

Cb752 

18 

7.0 

15.5 

17.0 

Creep 

D43 

18 

8.5 

16.0 

12.0 

0.75  by  11.0  by  0.012 

Cb752 

16 

7.5 

15.0 

16.  C 

Environmental 

D43 

1C 

3.5 

16.0 

13.0 

9.5  by  3.0 

Cbl32M 

18 

8.0 

11.0 

11.0 

Erosion  bars 

D*3 

_ 

18 

9.5 

11.0 

10.0 

VI.  CONCLUSIONS 

6.1  DIFFUSION  BARRIER  FOR  THE  Ti-Cr  MODIFIER 

Tungsten,  molybdenum,  tantalum,  and  vanadium  were  studied  as  diffusion 
barriers  for  the  Ti-Ci-  modifier  (Ti-33Cr  alloys  were  used)  on  the  C3j?52r  &43  and  = 
B66  alloys.  The  barriers  were  Interdilfosed  for  100  hours  at  2400  F.  On  a  weight/ 
unit  area  basis,  tantalum  and  vanadium  were  less  effective  than  a  comparable  amount 
of  substrate  alloy.  Tungsten  was  six  times  as  effective  as  the  D43  or  Cb752  substrate, 
but  only  slightly  more  effective  than  the  B66  substrate.  Molybdenum  was  by  far  the 
most  effective  barrier  on  the  B66  alloy,  and  also  was  three  times  as  effective  as  a 
comparable  weight  of  either  the  1X3  cr  Cb752  alloy. 

The  use  of  a  barrier  in  an  actual  coating  system  was  not  studied  because  of 
practical  application  difficulties.  That  is,  not  only  does  the  application  of  tungsten 
or  molybdenum  present  a  major  application  problem,  but  the  slow  diffusion  of  titanium 
and  chromium  into  these  elements  would  greatly  retard  the  rate  of  deposition  of 
Ti-Cr  by  pack  cementation,  which  is  a  diffusion-controlled  process.  If.  was  concluded 
that  a  better  approach  to  controlled  diffusion  appeared  to  be  the  minimization  of 
titanium  in  the  coating. 

6.2  SUBSTITUTION  OF  MOLYBDENUM  FOR  CHROMIUM  IN  THE  Ti-Cr  MODIFIER 
LAYER 

One  of  the  failvre  mechanisms  in  (Cr-Ti)-C?  coating  is  the  slow  loss  of  chro¬ 
mium  by  vaporization.  The  substitution  of  molybdenum  for  chromium  would  eliminate 
this  problem  and  should  also  improve  oxidation  resistance,  decrease  interdiffusion, 
and  improve  the  expansion  match.  The  application  of  the  Ti-Mo  modifier  proved 
essentially  impossible  by  the  conventional  pack  technique;  however,  by  vacuum 
sintering  of  a  slurry  applied  coating,  compositions  of  95Mo-5Ti  could  readily  be 
applied. 

After  siliciding,  these  compositions  consistently  lasted  for  more  than  200  one- 
hour  cycles  a i  2400  F,  but  1600  F  performance  was  poor.  Glass  impregnation  or 
small  additions  of  iron  to  the  modifier  eliminates  the  1000  F  problem  without  loss  of 
2400  F  protection. 
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The  effect  of  these  high  -molybdenum  costings  ou  the  mechanical  properties 
ol  duplex  treated  043  and  Cb752  alloys  was  not  determined;  however,  due  to  the 
increased  partial  molal  free  energy  of  formation  of  carbon  and  oxygen  solutions  com¬ 
pared  to  60Cr-40Ti,  the  coatings  should  have  little  tendency  to  remove  these  elements 
Iron  the  substrates.  Loss  of  mechanical  properties  should,  therefore,  be  negligible. 

6.3  SUBSTITUTION  OF  VANADIUM  FOR  TITANIUM  IN  THE  Ti-Cr  MODIFIER  LAYER 

The  substitution  of  vanadium  for  titanium  in  the  Ti-Cr  modifier  had  two 
objectives — elimination  of  the  MCr2  laves  phase  and  elimination  of  the  interstitial  sink 
effect. 

Attainment  of  a  (V-Cr)-Si  coating  was  not  accomplished  because  of: 

•  £.  w  deposition  rate  of  vanadium  from  packs  and  s  were  sintering 

•  Severe  embrittlement  of  the  substrate  due  to  the  transport  of  oxygen 
from  the  chromium  and  to  a  l««er  extent  vanadium  from  the  pack 
media. 

A  compromise  coating  was  developed  based  on  the  initial  application  of 
vanadium  followed  by  80Cr-20Ti  and  silicon.  Thin  coating  has  a  much  lower  titanium 
content  than  the  60Cr-40Ti  coating  and  should  have  less  effect  on  interstitial  element 
migration. 

Application  of  the  V-(Cr~TI)~Si  costing  to  D43  and  Cb752  alloys  provided 
over  500  hours  of  protection  at  1300  F.  Some  D43  specimens  were  also  protected 
for  more  than  500  hours  at  2400  F. 

The  coating  does  have  its  problems  in  application  as  a  result  of  sintering  of 
the  vanadium  pack  media  and  embrittlement  of  the  Cb752  al.'ay  through  oxygen  transport; 
however,  the  compositional  concept  has  been  proved.  Better  application  tecuniques 
using  materials  of  higher  purity  are  required.  Duplex  slurry  techniques  such  as  those 
used  for  the  (95Mo-5Ti)-Si  coating  should  be  explored  for  this  composition. 

6. 4  VANADIUM  MODIFIED  COATINGS 

Vanadium  dinilioide  is  extremely  oxidation  resistant  and  exhibits  no  pest 
oxidation  at  low  temperatures.  A  duplex  coating,  V-SIv  was  applied  to  the  Cb752  alloy 
and  evaluated  at  1600  and  2400  F.  The  coating  exhibited  failure  in  less  than  48  hours  at 
1600  F,  but  performed  quite  well  at  2400  F  (up  to  131  hours).  The  performance  did  not 
justify  continued  process  development. 


The  poor  porlormar.ee  of  the  V~Si  system  is  Leiieved  to  he  the  result  of  the 
high  expansion  of  VSi^  and  rapid  oxidation  rate  of  vanadium  and  Y-Cb  alloys.  Pro  tec- ' 
tion  at  the  bass  of  erase  cracks  would  rely  on  tnod.fied  glass  only.  This  appears 
to  be  sn  inadequate  protection  mechanism  at  1600  V.  Alloying  with  titanium  and 
chromium  greatly  enhances  the  low-temperature  oxidation  resistance  of  the  alloy 
beneath  the  suicide  sad  is  probably  responsible  for  the  improved  oxidation  resistance 
of  the  V-(Cr-Ti)-Si  coating. 

6.5  GAMMA  SUBLAYER  ALUMIN.TDE  OOAT’NGS 

Gamma  titanium  aluminidc  (TiAl)  has  fair  oxidation  resistance  and  some 
ducility.  Property  studies  showed  that  the  addition  of  molybdenum  or  tantalum 
improved  the  oxidation  resistance  at  1600  to  2400  F.  Attempts  to  demonstrate  that  the 
relatively  oxidation  resistant  sublayers,  high  in  titanium  and  molybdenum,  could  be 
developed  into  a  coating  system  were  not  successful.  Maximum  life  attained  with  a 
Ti-Al  coating  on  a  Cb-15Mo  alloy  was  43  hours  at  2400  F.  Very  early  failures  were 
also  noted  with  this  system.  The  potential  for  long-term  protection  was  not  indicated 
and  the  all-aluminide  systems  were  abandoned. 

6. 6  DUCTILE  METALLIC  COATING  SYSTEM 

The  one  truly  ductile  system  investigated  used  the  Fe-25Cr-5Al  outer  layer 
with  various  diffusion  barriers  to  separate  this  alloy  from  the  columbium  substrate, 
and  also  to  minimize  crystallographic  changes  at  the  interface  between  surface  layers. 
The  coating  receiving  the  most  detailed  evaluation  consisted  of  Cb-Mo-Cr  (Fe-25Cr-5Al) 
and  was  formed  by  solid  state  diffusion  bonding.  The  evaluation  cf  the  coating  at  2300 
and  2500  F  in  air  showed  that  an  extremely  hard  phase  developed  between  the  chromium 
and  molybdenum  as  a  result  of  iron  diffusion.  Diffusion  of  iron  through  the  chromium 
and  molybdenum  produced  secondary  phases  (probably  CbFe^)  in  the  columbium  alloy. 
Oxygen  also  appeared  to  diffuse  through  the  coating,  producing  internal  oxidation  of  the 
columbium  alloy. 

Although  for  short  periods  of  time,  e,  g. ,  up  to  10  hours  at  2300  F,  this  type 
of  coating  may  be  the  most  reliable  of  all  coatings  on  columbium  alloys,  a  great  deal 
of  bai,lc  diffusion  work  must  be  performed  before  this  type  cf  coating  can  be  used  for 
long  periods  of  time  at  this  temperature.  Both  oxygen  and  iron  diffusion  barriers  are 
required. 


6.7  THE  COMBINATION  ALUMINUM-SILICON  COATING 

Alloys  containing  aluminum,  e.  g. ,  Cb-T1«A!,  and  Cb-Ti-Cr-Ai  were  quite 
oxidation  resistant  at  .1600  F  and  ductile.  By  combining  these  alloys  as  sublayers 
with  s.  Hisilicide  primary  oxygen  barrier,  it  was  hoped  that  the  best  feature  of  the 
aluminum  and  silicon  coating  could  be  combined.  ConsidsraMe  experimentation  on 
various  sublayers  showed  that  a  coating  of  the  following  type  provided  the  most  satis¬ 
factory  performance: 

•  Ch-V-(80Cr-20Ti)-Al-Diffasion-Silicon 

The  coating  required  two  extra  processing  steps  over  the  V-(80Cr-20Ti)-Si  coating 
(aluminizing  and  diffusion),  but  had  only  comparable  life  at  1600  and  2400  F  and  was 
not,  therefore,  developed  into  a  major  coaling  system.  Performance  of  the  coating 
was  quite  interesting  in  that,  although  a  defect  might  develop  in  the  coating  at  80  hours, 
catastrophic  oxidation  would  not  occur  for  up  to  40  or  50  additional  one-hour  cycles. 
That  is  to  say,  the  oxide  appeared  to  haye  remarkable  self-healing  properties. 

6.8  THE  CERAMIC  COATING  OVERLAY 

Ceramic  coatings  of  the  silica-base  type  were  applied  over  a  silicided 
columbium  alloy.  The  silicide  was  used  to  prevent  oxygen  ingress  to  the  columbium 
and  the  overlay  was  to  seal  cracks  and  provide  a  controlled  composition  coating 
independent  of  the  composition  of  the  silicide. 

Standard  ceramic  coatings  for  superalloys  were  used  which,  even  with  large 
mill  additions,  were  too  soft  at  2^00  F  to  prevent  reaction  with  the  support  media. 
Compatibility  plagued  the  evaluation  of  this  system.  The  coatings  would  protect  the 
substrates,  up  to  12  hours  at  2400  F  but  compatibility  with  the  silicide  at  craze 
cracks  was  poor.  Major  crack  enlargement  was  noted. 

To  investigate  effectively  the  potential  of  this  type  of  system,  studies  will  be 
required  to  determine  chemical  compatibility  of  the  silicide  with  the  ceramic  coatings, 
and  new,  more  refractory  coatings  will  be  required  to  minimize  mobility  at  2400  F. 
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6. 9  GENERAL  CONCLUSIONS  ON  PROPERTY  MEASUREMENT  RELATIVE  TO 
COATING  PERFORMANCE 

•  Significance  of  Expansion  Match  of  MSi2  and  MsS^  wxta  Coiumbium 
Alloys  -  Expansion  matching,  although  possibly  desirable,  is  far  over¬ 
shadowed  by  the  oxidation  resistance  of  sublayers,  the  type  of  oxide 
formed,  and  the  oxidation  resistance  of  the  disilicide.  The  (95Mo-5Ti)-Si 
and  V-(Cr-Ti)-Si  ooatings  afford  comparable  protection  to  coiumbium 
alloys,  but  one  is  closely  matched  and  one  has  a  SO  to  SO  percent  higher 
expansion  than  the  coiumbium  alloys. 

•  Oxidation  Resistance  of  Disilicides  -  Correlation  of  2400  F  oxidation 
resistance  as  a  coating  is  very  good  with  oxidation  resistance  of  the 
monolithic  disilicide.  At  1600  F  mismatch  in  expansion  overshadows 
simple  oxidation  resistance. 

•  Oxidation  Resistance  of  the  MsS?3  Silicide  -  Ihere  does  not  appear  +o  be 
a  requirement  for  oxidation  resistance  of  the  MsSi3  silicide  to  produce 

a  good  coating  if  the  disilicide  is  sufficiently  protective. 

•  Oxidation  Resistance  of  a  Ductile  Sublav  ;r  -  Oxidation  resistance  at  low 
temperatures  of  silicide  coatings  appears  to  correlate  well  with  oxidation 
resistance  of  the  sublayer.  The  (Cr-Ti)-Si  ,  V-(Cr-Ti)~Si  have  good 
oxidation  resistance  at  1600  F;  while  the  (95Mo-5Ti)-Si  has  problems. 

The  problem  appears  traceable  to  sublayer  exidaf  on  resistance. 
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APPENDIX 


Two  tasks  are  described  in  the  Appendix  that,  although  significant  technically, 
were  not  pursued  In  sufficient  detail  during  the  course  of  the  program  to  warrant  in¬ 
clusion  in  the  body  of  the  report.  These  tasks  are: 

•  Purification  of  vanadium/ chromium  alloy 

•  Fused  salt  deposition  of  vanadium  and. chromium 

PREPARATION  OF  VANADIUM/CHROMIUM  PACK  ALLOYS 

A  number  of  methods  were  investigated  for  the  preparation  of  vanadium/ 
chromium  pack  alloys.  A  major  problem  involved  the  production  of  alloy  powders 
having  a  low  oxygen  content,  because  oxygen  is  readily  transferred  to  columbium 
alloys  from  the  pack  material.  Embrittlement  of  the  columbium  alloys  can  be 
expected  if  there  is  an  excessive  transfer  of  oxygen.  Vanadium/chromium  pack  alloys 
are  particularly  difficult  to  prepare  with  a  low  oxygen  content,  because  the  commercial 
grades  of  these  metals  contain  relatively  large  amounts  of  this  element.  Methods  of 
removing  oxygen  from  vanadium/chromium  alloys  were  investigated  as  well  as  means 
of  tying  it  up  in  solution,  thereby  preventing  its  transfer  to  the  base  metal  during  the 
coating  process. 

The  diffusion  of  oxygen  into  columbium  alloy  substrates  during  coating  pro¬ 
duces  interstitial  embrittlement  in  these  metals  and,  therefore,  pack  alloy3  having  a 
low'  oxygen  content  are  to  be  desired,  Commercial  grades  of  vanadium  contain  typically 
about  1000  ppm  oxygen.  Commercial  grade  chrrmium  will  generally  contain  from 
2000  to  5000  ppm  oxygen.  Higher  purity  metals  are  available  af  a  greatly  increased 
cost;  however,  purification  of  commercial  quality  material  appears  to  represent  a 
more  feasible  approach.  Typical  prices  for  commercial  grade  and  nltrapure  vanadium 
and  chromium  metals  are  shown  in  Table  LXXIV. 
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TABLE  LXXIV 

TYPICAL  PURITIES  AND  COST  COMPARISONS  FOR  VARIOUS 
GRADES  OF  VANADIUM  AND  CHROMIUM 


Production 

Process 


Electrolytic 


Overall  Purity 

Inter  situal 

(%) 

Level  (ppm) 

Cost/  Pound 


Chromium 


Iodide 


99.2 

C  — 

N  — ' 

O  5000 

99.997 

C  10 

N  5 

C  10 

120.00  to  130.00 


Vanadium 


Unknown 


Unknown 

(Electrolytic 

nondimen- 

sional) 


91.0 

— 

N  300 

0  800 

99.9 

C  300 

N  200 

0  300 

6  .00  to  7.00 
40.00  to  50.00 

90.00  to  110.00 


Methods  of  removing  oxygen  from  vanadium/chromium  alloys  fay  the  addition 
of  geticring  agents  were  investigated.  A  series  of  100-gram  arc  melts  was  made  con¬ 
taining  small  additions  of  mischmetal^  (MM),  carbon,  tungsten,  and  zirconium. 

The  mischmetal  additions  were  effective  in  reducing  the  oxygen  content  as  determined 
initially  by  microhardnass  readings  on  the  as -cast  structure  and  by  chemical 
analysis.  The  hardness  correlation  for  the  nominal  59V~5uCr  alloys  studied  is  shown 
in  Figure  143.  The  composition  of  all  geitered  melts  and  their  respective  oxygen 
analyses  after  double  arc  melting  are  shown  In  Table  LXJTV,  (Retained  mischmetal  and 
oxide  in  the  alloy  wiil  increase  the  analyzed  oxygen  content  so  that  the  amount  in  the 
vaaadhtm/chromium  alloy  must  be  less  than  die  analyzed  amount, )  Arc  melts  were 

i.  Pare  earth  metal  comprised  principally  of  Ce  (50%),  La  (25%),  Purchased  from 
Ronscn  Metals  Corporation,  Newark,  N.J. 


294 


FIGURE  143.  HARDNESS  VERSUS  OXYGEN  CONTENT  IN  ARC-MELTED 
V-50  Cr  ALLOY 

TABLE  i  XV 

ARC-MELTED.  NOMINAL  50V-50Cr  ALLOYS  SHOWING  EFFECT  OF  GETTERING 
AGENTS  ON  RESIDUAL  OXYGEN  CONTENT  AND  HARDNESS 
OF  AS-CAST  STRUCTURE 


Alloy  Composition 
(v/t  %) 

Oxygen  Content 
(wt%) 

Hardness 

(DPH) 

V-50Cr 

0.291 

381 

V-49.8Cr-0.5MM 

0.272 

470 

V-49.GCr-l.0MM 

0.213 

396 

V-49Cr-2.0MM 

0.136 

322 

V-47.5Cr-5.0MM 

0.126 

290 

V-45Cr-10MM 

0.107 

277 

V-49.9Cr*0,20C 

0.295 

417 

V-49.8Cr-0.40C 

0.317 

432 

V-49.8Cr-0.20C-0.20Zr 

0.257 

396 

V-45CrlOW 

0.295 

439 

V-43Cr-10Ti 

0,337 

389 

i 

J 


conducted  In  argon  at  a  dumber  pressure  o t  approximately  200  Terr.  Mischmetal 
was  the  moat  effective  scavenger  of  oxygen  of  all  the  addition  dements  tried.  Urn  . 
major  amount  of  the  getterlng  action  wae  achieved  after  a  tvHensi  mMWtem;  how¬ 
ever  ,  further  small  reductions  in  mggen  occurred  up  to  the  mairiimmi  amount  used  of 
10  percent.  Residual  oxygen  contents,  ac  a  function  of  the  amomnt  of  mischmetal 
added,  are  shown  in  Figure  144.  The  rare  earth  oxide,  which  la  farmed,  tends  to 
separate  on  the  surface  of  the  ingot  as  a  thin  glassy  layer  sad  cau  be  removed  by 
sandblasting.  The  residual  mischmetal  separates  on  the  bottom  of  the  ingot  In  a 
fairly  discrete  layer  since  it  has  very  little  solubility  is  the  muikBn/ctamaian  alloy. 
Although  sandblasting  could  be  used  to  remove  residual  rare  earth  metal  on  the  out¬ 
side  of  the  ingot,  a  small  amount  remains  dispersed  in  the  alloy.  Figure  14S  sheers 
the  appearance  of  an  ungettered  V~50Cr  melt.  Photomicrographs  of  melts,  which 
were  gettered  with  mischmetal  are  shown  in  Figures  146  through  150.  There  Is  a 
decreasing  amount  of  second -phase  impurity  with  increasing  amounts  of  mischmetal. 

The  small  spherodial  particles  are  believed  to  be  occluded  rare  earth  metal.  Tim  dark 
precipitates  in  segregate  regions  are  believed  to  be  oxides  ami  other  interstitial  impuritic: 


Urgette^ed,  b  bowing  second  phase 
contamination. 

Magnification:  250X 


FIGURE  145. 

ARC  MELTED  V-50Cr-ALLOY 


Mischmetal  addition  too  small 
to  show  any  visible  scavenging 

Magnification:  250X 


FIGURE  146. 

ARC  MELTED  V-49.  8Cr-0. 5  MM 
ALLOY 


Getterir.g  effect  of  mischmetal 
becoming  evident  by  decreasing 
segregation. 

'Magnification;  25 OX 


FIGURE  147. 

ARC  MELTED  7-49.  5Cr-1.0MM 
ALLOY 


»r. 


Visible  contamination  has 
been  virtually  eliminated. 

Magnification:  250X 


FIGURE  148. 

ARC  MELTED  V-49Cr-2. 0  MM 
ALLOY 


Spheroidal  particles  are 
believed  to  be  occluded 
mischmetal. 


Magnification:  250X 


FIGURE  149. 

ARC  MELTED  V-47.5Cr-5.  0  MM 
ALLOY 


Magnification:  25  OX 


FIGURE  150. 

ARC  MELTED  V-45Cr-10  MM  ALLOY 


There  was  a  possibility  that  oxygen  transfer  to  metal  substrates  in  packs  can 
be  avoided  if  the  oxygen  in  the  pack  material  can  be  combined  with  «n  element  having 
a  higher  negative  partial  molal  free  energy  of  solution  of  oxygen  than  the  metal  being 
coated.  Titanium  was  added  to  study  tills  approach.  Partial  molal  free  energies  of 
solution  of  oxygen  in  titanium  and  columbium  are  shown  in  Figure  151  at  a  typical 
pack  temperature  of  2200  F.  A  nominal  V-45Cr-10Tt  alloy  was  prepared  to  determine 
if  titanium  could  be  used  as  a  gettering  agent,  whereby  the  oxygen  ie  not  removed  but 
merely  prevented  from  transferring.  The  as-cast  structure  of  the  V-4ECr-10Ti  pack 
alloy  is  shown  in  Figure  152,  Table  LXXV  shows  that  this  alloy  contains  the  highest 
oxygen  content  as  determined  by  chemical  analysis. 

Deposition  Experiments  '> 

A  number  of  alloy  compositions  were  selected  from  the  previous  series  of 
arc  melts  to  evaluate  their  coating  properties.  They  were  chosen  to  determine  the 
effect  of  high  and  low  oxygen  content,  -nd  also  to  evaluate  the  effectiveness  of  titanium 
to  retain  dissolved  oxygen  and  prevent  its  transfer  to  the  part  being  coated.  The  ex  ¬ 
tent  of  oxygen  transfer  was  determined  metallographically  and  fay  a  bend  test.  The 
sheet  material  used  for  coating  specimens  was  0. 006 -inch  thick  Cb752  alloy.  This 


FIGURE  151.  FARTIAL  MOLAR  FREE  ENERGY  OF  SOLUTION  OF 
OXYGEN  Ill  TITANIUM  AND  COLUMBIUM  AT  2200  F 


Magnification:  &00X 

FIGURE  162.  ARC-MELTED  V-45Cr-lQTi  ALLOY 

alloy  is  very  sensitive  to  embrittlement  by  oxygon.  Rend  testing  provided  a  simple 
means  for  judging  the  amount  of  oxygen  transfer  to  the  base  metal.  Two  packs  of 
specimens  were  run.  Test  parameters  were  the  same  for  both  wife  the  exception 
that  an  activator  (0.1  wt%  NaCl)  was  used  in  one  of  the  packs  and  time  at  tempera¬ 
ture  was  increased  to  15  bears  compared  to  6  hours  for  the  first  pack.  The  results 
of  these  experiments  show  that  the  pack  alloys  that  were  gettered  with  large  amounts 
of  mischmetal,  and  consequently  contained  the  lowest  amount  of  oxygen,  caused  the 
least  amount  of  embrittlement  to  the  substrate.  The  titanium  gettered  material  also 
produced  very  little  embrittlement  to  the  substrate,  but  was  less  effective  fiisn  the 
mischmetal  gettered  alloys.  In  contrast,  the  ungettered  50V-50Cr  alloy,  which  con¬ 
tained  roughly  three  times  as  much  oxygen  as  the  best  mischmetal  melt  (2910  ppm 
versus  1070  ppm),  gave  a  very  brittle  substrate.  The  use  of  small  carbon  additions 
was  not  effective  in  removing  oxygen  during  arc  melting,  and  pack  material  containing 
carbon,  which  analyzed  at  2170  ppm  oxygen,  also  produced  very  brittle  substrates. 
Coating  data  and  bend  test  results  are  summarized  in  Table  LXXVI. 
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TABLE  LXXVI 


COATING  RESULTS  WITH  VANADIUM/CHROMIUM  POWDERS  ON 
Cb  752  SUBSTRATE  AT  2200  F 


Pack  Alloy 
Nominal  Composition 

Oxygen  Content 
(wt%) 

Deposit 

(mg/cm2) 

90-degree  Room 
Temperature 
Bend  Test 

Surface 

Condition 

V-50Cr 

0.291 

0.35(1* 

Failed 

Clean 

1.30^ 

Failed 

Clean 

V-49Gr-(2. 0MM) 

0.136 

0.17(1) 

Partial  failure 

Clean 

0.50^ 

Failed 

Mottled 

V-47 . 5Cr-(5 .  0MM) 

0.128 

0.18(1) 

Passed 

Mottled 

0.06^ 

Passed 

Mottled 

V-45Cr-(10MM) 

0.107 

0.29(1* 

Passed 

Slight 

sinter 

0.60^ 

Passed 

Mottled 

V-49.8Cr-C.4C 

0.317 

0.72^ 

Failed 

Clean 

1.50(2) 

Failed 

Mottled 

V-45Cr-10Ti 

0.337 

0.31^1) 

Partial  failure 

Very 

clean 

_ 

1.20^ 

Failed 

Clean 

Coating  parameters:  1.  6  hours  -  no  activator 

2.  15  hour 8  -  0.10  weight  percent  NaCl  activator 

The  following  conclusions  can  be  drawn  on  the  basis  of  work  that  was  con¬ 
ducted: 

•  Mischmetal  was  a  relatively  effective  getter  of  oxygen  in 
vanadium/chromium  alloys  as  evidenced  by  a  reduction  of 
oxygen  levels  from  approximately  3000  to  1000  ppm  in  arc- 
melted  alloys. 

t  The  use  of  mischmetal  as  a  gettering  agent  for  pack  alloys 
will  reduce  oxygen  embrittlement  of  columbium  -base  sub¬ 
strates,  but  methods  for  removing  residual  mischmetal 
from  pack  alloys  to  prevent  its  codeposition  with  other  pack 
constituents  are  required. 
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•  Small  amounts  of  titanium  will  getter  oxygen  and  reduce 
embrittlement  to  the  Cb752  substrate,  an''  are  effective  in 
absorbing  relatively  large  amounts  oi  oxygen  in  pack  alloys 
and  preventing  transfer  during  coating. 

•  The  pack  codeposition  of  V-Cr  or  V-Ci  Ti  is  extremely 
slow  and  would  preclude  use  of  this  te  chnique  to  develop 
coatings  at  least  0. 002  inch  in  thickne'  3  at  practical  tem¬ 
peratures. 

The  use  of  codeposition  of  vanadium  and  chromium  was  dropped  due  to  slow  deposition, 
but  the  use  of  titanium  as  an  internal  getter  was  retained.  Subsequent  use  of  vanadium 
deposition  followed  by  80Cr-2QTi  used  titanium  to  prevent  oxygen  transfer  from  the 
chromium  and  to  remove  oxygen  transferred  in  the  vanadizing  step. 

FUSED  SALT  DEPOSITION  OF  VANADIUM  AND  CHROMIUM 

Compounds  of  most  of  the  Group  IV-B,  V-B,  and  VI -B  metals  can  be  re¬ 
duced  to  metal  in  molten  salts  but  generally  in  the  form  of  powder  or  dendrites. 

Mellors  and  Senderoff  (Ref.  21)  have  reported  that  coherent  deposits  of  chromium, 
hafnium,  molybdenum,  columbium,  trntalum,  tungsten,  vanadium,  and  zirconium  can 
be  produced  on  several  substrates  by  a  general  method  of  molten  salt  electrolysis 
involving  dissolution  of  the  refractory  meta:  fluoride  or  chloride  in  mixtures  of 
alkali  metal  fluorides  or  chlorides.  Experience  at  Solar  in  the  development  of  an 
all -fluoride  titanium  electrolyte  plating  bath  (U.S.  Patent  No.  3,  024, 174)  indicated 
that  a  plating  rate  of  0. 0fl2  inch/hour  is  readily  obtained.  Emphasis  in  this  program 
was  on  the  deposition  of  vanadium  to  minimize  the  sintering  problem  in  packs,  and 
on  chromium  to  hopefully  minimize  the  embrittlement  of  the  columbium  alloy  sub¬ 
strate. 

Equipment 

The  fused  salt  plating  cells  used  in  the  program  are  shown  schematically  in 
Figure  153.  The  cells  consist  of  a  heated  crucible  with  provisions  for  specimen 
support,  manipulation,  and  maintenance  of  predetermined  temperatures  and  atmo¬ 
sphere.  Heating  is  provided  by  a  natural  gas/air  burner  projecting  a  flame  tangentially 
on  an  Inconel  retort  which  is  protected  with  an  oxidation -resistant  ceramic  coating. 

The  top  portion  of  the  cell  is  water-cooled  stainless  steel.  A  graphite  crucible  con¬ 
tains  the  salt.  This  crucible  is  separated  from  the  Inconel  wall  by  tungsten  or 


BATH  AGITATION 
MECHANISM 


BATH  STIRRING  ROD 
AND  THERMOCOUPLE 
SHEATH 


FURNACE  TEMPERATURE 
CONTROL  THERMOCOUPLE 
SHEATH 


CERAMIC 
COATED 
INCONEL  SHELL 


INSULATING  BRICK 


FURNACE  SHELL 


FIGURE  153.  SCHEMATIC  DIAGRAM  OF  FUSED  SALT  PLATING  CELL 
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molybdenum  sheet.  Specimens  are  supported  in  the  bath  with  tungsten  wire  which 
is  fastened  to  a  stainless  steel  ring.  The  ring  is  welded  on  a  stainless  steel  tube 
which  enters  the  cell  through  a  Teflon -sealed  fitting,  permitting  vertical  adjustment 
of  the  support  tube  and  electrical  insulation  from  the  anodic  retort.  A  stainless  steel 
sheathed  chromel  -alumel  thermocouple  passes  through  a  Teflon -sealed  fitting  in  the 
support  tube  and  is  used  to  continuously  monitor  bath  temperature.  The  portion  of  the 
thermocouple  actually  in  the  bath  is  tantalum  sheathed.  Argon  is  continuously  ad¬ 
mitted  to  the  cell  in  the  cooling  and  plating  chambers.  Furnace  temperature  is  con¬ 
trolled  by  a  proportional -type  temperature  controller  with  a  stainless  steel  sheathed 
chromel -alumel  thermocouple  as  a  sensing  element.  A  Kepco  power  supply  was  used 
as  the  source  of  constant  current  and  voltage,  and  has  a  maximum  output  of  2  amperes 
at  36  volts  with  less  than  1  millivolt  noise  and  ripple.  Bath  potentials  are  measured 
with  a  Welch  Model  3060  K  voltmeter. 

Materials 

The  sodium,  lithium,  potassium  fluoride,  and  chloride  solvents  currently 
being  used  were  all  reagent  grade  and  meet  ACS  specifications.  The  salts  were 
vacuum  dried  for  16  hours  at  250  F  prior  to  use. 

The  potassium  vanadium  pentafluoride,  potassium  chromium  hexafluoride, 
and  potassium  molybdenum  hexachloride  salts  were  prepared  at  Solar  by  the  following 
techniques: 

Potassium  Vanadium  Pentafluoride  (Kg  VFg)  Preparation  (Section  V) 

Potassium  Chromium  Hexafluoride  (KgCrFg)  Preparation 

•  Mix  K2CrF5*xH20  (B  and  A  technical)  is  dried  in  hydrogen 
fluoride  gas. 

•  Heat  in  completely  argon-purged  retort  for  2  hours  at  900  F. 

•  Cool  in  argon. 

Chemical  analyses  of  the  vanadium  and  chromium,  used  as  anode  material 
are  contained  in  Table  LXXVQ.  Vanadium  is  added  to  the  plating  bath  In  the  form  of 
-20  +50  mesh  granules.  Chromium  fines  are  sintered  in  an  argon  atmosphere 
(16  hours  at  2000  F)  in  a  suitable  mold  to  produce  a  cylindrical  anode  3.5  inches  OD 
by  2.25  inched  ID  by  6  inches  high. 


Also  contained  in  Table  LXXVII  is  the  analysis  of  the  0. 012-inch  Cb752  sub¬ 
strate  alloy  being  used  in  the  study.  Specimens  were  fabricated  from  0.75-inch  wide 
roll  stock  to  0. 5  inch  by  0. 75  inch  dimensions.  A  0. 125-inch  support  hole  was  drilled 
at  each  end  of  each  specimen.  All  specimen  comers  were  rounded  in  a  suitable  jig 
to  a  0.125 -inch  radius  on  a  rubber  abrasive  wheel.  Specimen  edges  were  uniformly 
radiused  and  deburred  in  a  standard  pebble -cleaning  solution  {Oakite  Hi-Lite)  media. 
Hie  specimens  we  it.  tumbled  in  the  media  until  sufficient  radlusing  occurred  and  all 
scratches  and  nicks  were  removed. 

TABLE  LXXVII 


CHEMICAL  ANALYSES  OF  THE  METAL  ANODE  MATERIALS 
AND  Cb752  SUBSTRATE  ALLOY 


OPERATING  PROCEDURES 

The  initial  bath  additions  were  computed  on  a  1000-gram  basis.  Hie  re¬ 
quired  amounts  of  solvent  salt,  active  metal  srit:  ana  metal  grannies  (in  the  case  c  t 
vanadium)  were  weighed  separately.  Hie  solvent  s?lt  was  added  to  the  graphite  cru¬ 
cible,  and  the  cell  purged  with  laboratory  grade  argon  (•.)£.  99%)  for  1C  to  15  minutes 
before  igniting  the  gas -fired  furnace.  Tie  argon  atmosphere  was  mcintauved  through¬ 
out  the  entire  operation  of  the  bath.  Following  liquation  o*  the  solvent  &alt,  the  cell 
was  allowed  to  cool  to  below  100  F  before  the  addition  of  the  active  metal  salt  and 
metal  is  made.  The  cell  was  fired  to  melt  the  active  metal  salt  and  the  bath  held 

above  the  remelt  temperature  for  app?tydmatoly  15  hours.  A  p  re -electrolysing  run 

2 

of  four  hou.  s  at  50  may  cm  was  usod  to  establish  the  correct  valence  state  required 
for  deposition  prior  to  actual  experimental  rune.  The  Cb752  specimen  surfaces  were 
prepared  by  etching  in  a  4H20-2ifN03  -JHF-  lH^SO^  solution,  water  rinsing,  acetone 
rinsing,  end  drying  in  a  nitrogen  gas  blast.  Each  specimen  was  individually  weighed 
or  a  Mettler  Type  H15  balance.  Four  specimens  wore  used  in  etch  plating  ran  and 
were  suspended  in  the  bath  with  0.010- irser.  tepgstea  wifu.  Prior  to  insertion  of  the 


specimens,  the  bath  depth  was  determined  by  inserting  a  clean  stainless  steel  rod  into 
the  bath  for  approximately  five  seconds  and  quickly  removing  the  red  to  freeze  the 
adhered  molten  salt.  The  specimen  support  tube  is  then  adjusted  so  that  the  speci¬ 
mens  are  suspended  midway  in  the  bath.  Where  electrolytic  deposition  is  being 
studied,  the  specimens  enter  the  bath  with  an  applied  voltage. 


After  the  desired  plating  cycle,  the  specimens  were  allowed  to  cool  in  the 
upper  portion  of  the  cell  for  approximately  10  minutes  before  removal.  Adhered  salt 
was  removed  from  the  plated  specimens  by  soaking  in  hot  water  to  loosen  the  salts 
followed  by  light  brushing  of  the  specimen  surfaces.  The  specimens  were  acetone 
rinsed,  dried  with  a  nitrogen  blast,  and  weighed  to  determine  the  weight  change  attri¬ 
butable  to  the  plating  run. 


EVALUATION  TECHNIQUES 

Deposition  is  determined  by  specimen  weight  gain/unit  area  and  metallo- 
graphic  coating  thickness.  One  specimen  from  each  run  was  subjected  to  a  simple  bend 
tost  to  ascertain  the  retention  or  loss  of  ductility  as  a  result  of  the  coating  process. 
Microhardness  traverses  were  employed  as  a  measure  of  possible  coating  and 
substrate  contamination  from  tnterstb  nls.  Coating  composition  was  qualitatively 
determined  by  X-ray  fluorescent  analysis. 


EXPERIMENTAL  RESULTS 


Vanadium  Deposition 

Vanadium  was  deposited  from  a  bath  containing  69  weight  percent  NaF,  15.5 
weight  percent  KgVF*,  and  15. 5  weight  percent  vanadium  metal.  A  current  density  of 
78  ma/'mn2  and  a  deposition  temperature  of  1900  F  yielded  average  deposits  of  5.30, 
6.46,  9. 02,  i-nd  11.35  mg/cm  on  the  Cb752  substrate  alloy  after  plaung  times  of 
50,  60  8t\  &jd  120  minute j,  respectively.  A  depoaitkm/time  p*ot  of  these  data  is 
approximately  linear  indicating  tnat  depositor  obeys  Faraday’s  Law  of  electrolysis 
with  an  indicated  cathoda  current  efficiency  of  12  to  14  percent.  The  deposit  itself 
wa*  extremely  hard  (330  to  1000  KKN,  5G-gram  load)  and  the  vanadium  -Cb752  com¬ 
pete  wea  brittle,  X-r*y  fluorescent  ctalvsee  of  the  vanadium  plate  did  not  indicate 
the  transfer  of  tramp  elements  such  as  iron  and  nickel,  and  embrittlement  was  prob¬ 
ably  due  to  oxygon  and  hydrogen  pickup  from  die  putting  materials  and  from  formal 
operation  of  the  ceils  by  *te  entering  and  exiting  of  the  specimens. 


*- 
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Tlie  throwing  power  of  the  vanadium  bath  was  poor.  Bottom  and  outward 
surfaces  were  preferentially  plated  which  necessitate  the  use  of  half  cycles  at  which 
time  specimens  were  inverted  to  produce  a  uniform  deposit.  The  use  of  a  cylindrical 
vanadium  anode  in  contact  with  the  walls  of  the  graphite  crucible  should  minimize 
this  directional  {dating  effect. 


Forty  0.500 -inch  by  0.750  inch  by  0.012  inch  Cb7o2  specimens  were  vanadized. 

2 

Two  cycles  of  30  minutes  each  at  1900  F  with  a  current  density  of  78  ma/cm  were 

2 

used.  An  average  of  6. 55  mg/cm  of  vanadium  was  deposited  on  the  specimens. 

Thirty -seven  of  fee  vanadized  specimens  were  subsequently  vacuum  annealed  for  six 
-6 

hours  at  2500  F  at  10  Torr. 


Chromium  Deposition 

Chromium  deposition  was  investigated  from  two  bath  compositions  (Table  LXXVIII). 

The  first  bath  (Cl)  contained  41.3  weight  percent  KF,  20.4  weight  percent  LiF,  8.3 

weight  percent  NaF,  15  weight  percent  KgCrFg,  and  15  weight  percent  chromium 

metal  in  granular  form.  A  current  density  of  50  ma/cm2  and  a  deposition  tempera- 

o 

ture  of  1800  F  yielded  average  deposits  of  2.65  ,  6.04  ,  9.02,  and  17.92  mg/cm  on 
fee  Cb752  substrate  alloy  after  plating  times  of  3,  20,  30,  and  60  minutes,  respectively. 

A  depceition/time  plot  of  these  data  was  linear  indicating  that  deposition  conforms  to 
Faraday's  law  of  electrolyses  wife  an  indicated  cathode  current  efficiency  of  55  to 
62  percent.  The  deposit  itself  was  soft  (123  XHN,  50-gram  load),  but  fee  chrominm- 
Cb752  composite  was  brittle.  X-ray  fluorescent  analysis  of  the  chromium  deposit 
did  not  indicate  transfer  of  metal  elements  other  than  chromium.  The  bath  material 
was  extremely  hygroscopic  and,  therefore,  especially  prone  to  moisture  contamination. 

The  gradual  buildup  of  dissolved  H^O  during  normal  cell  operation  may  explain  ie 
inconsistent  deposition  and  fine-grained  deposits  that  resulted  with  the  Cl  bath. 

The  second  chromium  bath  (C2)  contained  85.0  weight  percent  NaCl,  15 
weight  percent 
temperature  of 

2 

6.57,  and  13.53  mg/cm  were  obtained  on  fee  Cb752  substrate  after  plating  times  of 
15,  30,  and  60  minutes,  respectively,  A  plot  of  these  data  was  linear  and  a  cathode 
current  efficiency  of  32  to  43  percent  was  indicated.  The  C2  plating  bath,  because  of 
it®  cow: i stent  deposition  rate  and  aonhygroscopic  nature,  was  selected  to  chromize 


KgCrFg,  and  a  s  lute  red  chromium  cylindrical  anode.  At  a  deposition 
1800  F  and  a  current  density  of  50  ma/cm2,  average  deposits  of  2. 57 


the  previously  vanadized  specimens. 
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The  throwing  power  of  the  chromium  bath  containing  the  sintered  chromium 
cylindrical  auode  was  suiflcient  to  uniformly  coat  the  entire  surface  of  the  0. 5  mch 
by  0.75  inch  specimen  in  a  single  cycle. 

Twenty -four  of  the  vanadized  and  annealed  Cb?52  specimens  were  chromized 

in  the  C2  bath.  A  plating  cycle  of  120  minutes  at  1800  F  with  a  current  density  cf 
2  2 

50  ma/cm  produced  an  average  of  22.84  mg/cm  of  chromium  deposit  on  the  speci¬ 
mens.  Eighteen  of  the  chromized  specimens  were  subsequently  annealed  for  16  hours 
at  2200  F  in  gettered  argon. 

To  determine  the  oxidation  resistance  of  vanadium  -  and  chromium -modified 
Cb752  substrate,  selected  specimens  were  oxidized  for  1  and  4  hours  at  160C  F  it 
slowly  moving  air.  The  results  of  these  tests  are  listed  in  Table  LXXIX  and  shown 
graphically  in  Figure  154.  Chromium  by  itself  did  not  appear  to  improve  the  oxidation 
resistance  of  the  Cb752  substrate  at  1600  F  for  exposures  greater  than  1  ho»ir,  but 
considerable  improvement  through  4  hours  was  obtained  by  vanadium  modification  of 
the  Cb752  alloy  surface  prior  to  chromium  deposition.  Oxidation  resistance  also 
appeared  tu  be  sensitive  to  the  relative  amounts  of  vanadium  and  chromium  in  the 
surface  aiioy,  and  adequate  oxidation  resistance  for  the  4 -hour  period  required  larger 
quantities  of  vanadium  and  chromium  in  the  coating.  The  specimen?  that  wore  annealed 
after  chromizing  sustained  little  surface  oxidation  damage. 
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TABLE  LXX K 


OXIDATION  TEST  RESULTS  OF  VANADIUM  AND  CHROMIUM  SURFACE 
MODIFIED  CW52  SUBSTRATE  ALLOY  AT  1800  F 


Amount  of  Deposit 
(mg/cm2) 

Oxidation 
Weight  Gain 
(mg/  cm2) 

Material 

Vanadium  Chromium  V/Cr  Ratio 

1  hour 

4  hours 

Comments 

Cb752 

Uncoated 

— 

— 

32.00 

64.00 

Rapid  oxidation  and 
defoliation;  white 
oxide. 

Cb752  + 
Vanadium  + 
Anneal'*1)  + 
Chromium 

6.00 

5.40  1.11 

1.27 

37.63 

Slow  oxidation  and 
green  discoloration 
up  to  1  hour.  Rapid 
oxidation  and  dark 
oxide  thereafter. 

Cb752  + 
Vanadium  + 
Anneal*-1)  + 
Chromium 

6.32 

22.00  0.29 

4.67 

5.31 

S'ow  oxidation  and 
green  discoloration. 
Specimens  intact 
after  4  hours. 

Cb752  + 
Vanadium  + 
Anneal(1)  + 
Chromium  + 
Anneal(2) 

5.81 

21.66  0.27 

0.63 

0.90 

Very  slow  oxidation 
and  green  discolora¬ 
tion.  Specimens 
intact  after  4  hours . 

Cb752  + 
Chromium 

20.79 

8.83 

59.10 

Slow  oxidation  and 
green  discoloration 
up  to  1  hour.  Rapid 
oxidation  later  and 
dark  oxide. 

-"6 

1.  Vacuum  annealed  for  6  hours  at  2500  F  at  10  Torr 

2.  Gettered  argon  annealed  for  16  hours  at  2200  F 


0.012-WCH  UNC0ATKJ  Cb782 
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CONCLUSIONS 

Relatively  rapid  deposition  rates  for  both  chromium  and  vanadium  were  ob¬ 
tained  with  current  efficiencies  of  12  to  14  percent  for  vanadium  and  30  to  SO  percent 
for  chromium.  Deposition  from  both  baths,  however,  produced  severe  substrate 
embrittlement  due  apparently  to  absorption  of  oxygen  from  the  bath.  An  extensive  de¬ 
velopment  program  would  be  required  to  refine  the  plating  bath  chemicals  to  eliminate 
the  oxygen  problem.  This  was  beyond  the  scope  of  Ibis  program;  consequently,  work 
with  these  promising  deposition  techniques  was  suspended. 

Oxidation  results  of  interdiffused  vanadium  and  chromium -plated  Cb752  alloy 
after  exposure  for  up  to  4  hours  at  1800  F  indicated  that  the  oxidation  rate  was  ex¬ 
tremely  low.  This  rate  was  very  sensitive  to  both  the  amount  of  chromium  and  van¬ 
adium  and  the  ratio  of  the  two  elements  as  shown  in  Table  UOQX.  Although  the  fused 
salt  deposition  technique  was  not  used  to  process  program  specimens  due  to  substrate 
embrittlement,  the  excellent  substrate  oxidation  resistance  of  the  V-Cr  coating  lent 
support  for  the  V-(Cr-Ti)-Si  coating  that  was  finally  selected. 
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